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SECTION  I 


INTRODUCTION 

A universal  SAW  transducer  theory  and  structure  has  been  developed 
having  these  advantages 

* A wide  range  of  center  frequencies  may  be  achieved  with  a given 
electrode  spacing  - single  electrode  and  double  electrode  trans- 
ducers are  two  special  cases. 

* A general  theory  has  been  developed  to  provide  the  transducer 
frequency  response  over  all  harmonics  accounting  for  nearest 
neighbor  interactions. 

* The  theory  is  applicable  to  general  periodic  array  transducers 
which  include  withdrawal  weighted,  apodized,  and  capacity  coupled 
structures . 

* The  filter  design  is  more  direct  since  the  affect  of  electrode 
structure  on  the  overall  response  has  been  reduced  to  a single  tap 
filter  function  that  may  be  deconvolved  from  the  specified  response. 
The  tap  weights  are  then  determined  by  an  inverse  transform  of  the 
modified  specified  frequency  response. 

The  capacity  weighted  transducer  structure  which  uses  integrated 
circuit  capacitors  to  control  the  response  has  been  improved  significantly 
over  the  structure  described  in  the  interim  report. 


* The  response  accuracy  has  been  Improved  with  the  realization  of 
precise  nonsvmmet rica 1 pass  bands  having  se 1 ec t i vi t ies  exceeding 
55  db. 

* The  coupling  structure  and  design  procedure  has  been  Improved 
for  lower  insertion  loss  and  increased  bandwidth. 

* A unidi rect Iona  1 structure  with  weighted  taps  has  resulted  in 
filters  with  55  db  selectivity,  b dB  Insertion  loss  and  44  dB 
of  triple  transit  suppression. 

This  report  details  these  developments  and  builds  on  the  Infor- 
mation presented  in  the  interim  report.  That  report  describes  the  sampled 
Impulse  response  filter  design  concept  and  the  original  description  of  the 
capacity  weighted  structure.  Section  II  and  111  deals  with  modifications 
to  the  capacity  weighted  structure  that  reduce  loss,  and  increase  bandwidth 
and  selectivity.  Sections  IV  and  V describe  the  weighted  tap  unidirectional 
transducer  and  the  associated  matching  networks. 

The  capacity  weighted  transducer  consists  of  a layered  structure 
in  which  the  lower  electrodes  are  essentially  a multistrip  coupler  (MSC) 
coupled  by  lumped  element  integrated  circuit  capacitors.  Section  VI  describes 
a new  theory  which  simplifies  the  analysis  of  SAW  propagation  in  layered 
structures  and  Section  VII  derives  a powerful  element  by  element  circuit 
approach  to  MSC  analysts. 

The  time  domain  analysis  described  in  the  interim  report  provided 
the  amplitude  and  phase  of  each  tap  for  purposes  of  transducer  analyses. 
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With  the  advent  of  harmonic  operation  of  SAW  devices  it  becomes  necessary 
to  analyze  the  excitation  function  of  individual  taps.  Section  VIII  describes 
a technique  whereby  the  fine  structure  of  the  single  tap  excitation  function 
is  measured. 

Section  IX  describes  a universal  theory  for  predicting  the  harmonic 
response  of  a wide  range  of  transducers  utilizing  a newly  defined  basis 
function.  Former  theories  have  used  the  electrode  as  the  basis  function. 

Since  the  charge  distribution  on  an  electrode  is  dependent  on  the  voltage 
of  neighboring  elements  the  response  of  each  electrode  must  be  determined 
individually.  This  newly  defined  basis  function  described  in  Section  IX 
is  not  dependent  on  nearest  neighbors  and  the  analysis  reduces  to  a simple 
Fourier  transform.  The  simplicity  of  the  theory  makes  it  possible  to 
analyze  withdrawal  weighted,  apodized,  and  capacity  weighted  transducers 
with  the  same  design  algorithms. 

The  combination  of  these  theoretical  technological  developments 
have  contributed  significantly  to  the  universal  SAW  device  design. 


SECTION  II 


REDUCED  REACTANCE  CAl’ACITIVELY  WEIGHTED  TRANSDUCERS 


A.  Introduction 

The  capacitive  tap  weight  network  transducer  (CTWN)  has  been  pre- 
sented In  the  Interim  as  an  alternative  to  apodlzatlon  lor  the  dynamic 
weighting  of  SAW  transducers  [l,  2].  The  CTWN  transducer  provides  a 
uniform  beam  width  which  allows  direct  cascading  of  two  weighted  filters 
without  a multlstrlp  coupler.  However,  the  uniform  beam  width  Is  obtained 
at  the  cost  of  a higher  filter  Q than  a similar  apodlzed  device  which  leads 
to  Increased  Insertion  loss.  Figure  la  shows  the  structure  for  a single 


A modification  of  the  original  structure  results  In  a significantly 
lower  transducer  Q while  maintaining  dynamic  tap  weighting  and  a uniform  beam 
width  [ 3 ].  This  new  structure  of  capacitive  weighting,  hereafter  simply 
referred  to  as  CW,  Is  shown  In  Figure  lb  for  a single  tap.  The  structural 
difference  Is  merely  the  grounding  of  electrode  A In  the  CW  transducer  while 
the  C1VN  transducer  allows  electrode  A to  have  an  applied  voltage  dependent 
on  the  capacitor  values  of  Cj  and  C0 . The  equivalent  circuits,  shown  in 
Figure  1 reveal  that  the  tap  attenuator  network  for  a CTWN  transducer  Is 
a capacitive  bridge  circuit  while  the  CW  transducer  has  a capacitive  atten- 
uator network.  This  structural  modification  greatly  reduces  the  CW  transducer's 
Input  capacitance  with  respect  to  the  CTVN  transducer  resulting  in  a lower 
device  Q and  lower  filter  Insertion  loss  for  broadband  filter  applications. 

This  section  describes  the  CW  transducer  model,  which  takes  the 
thin  film  capacitor  dielectric  losses  In  account,  and  presents  the  detailed 
CW  transducer  design  analysis  necessary  for  bandpass  filter  synthesis.  The 
CW,  CIVN,  and  apodlzed  transducers  are  compared  to  Illustrate  the  differences 
and  similarities  between  the  structures.  Experimental  verification  is  pro- 


vided using  CW  transducers  In  bandpass  filter  applications. 


B.  Single  Tap  Model 

1.  Ideal  Lossless  Case 

The  equivalent  circuit  for  a single  tap  Is  shown  In  Figure  2. 
The  thin  film  capacitors,  and  C2,  compose  a reactive  attenuator  which 
controls  the  voltage  difference  across  the  electrodes.  The  interdlgital 
electrode 


Ci 


Figure  2.  Equivalent  circuit  for  ideal  single  tap  of  CW  transducer. 


pair  capacitance  and  conductance  are  represented  by  and  G0  respectively. 
The  definition  of  terms  follow  as  in  [2]: 


attenuator 

capacitance 


CT  " C1  + C2 


(1) 


reac tance 
ratio 


“R 


- C /cl 
s T 


attenuator  gain  a ^ « C^/CT 


(2) 

(3} 
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(4 


capacitive  coupling  „ 
coefficient  K * (1  + q^) 


Solution  of  the  network  of  Figure  lb  using  equations  1-4  yields 
the  attenuator  transfer  function 
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The  input  admittance  for  a single  tap  is 
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2.  Lossy  Dielectric  Case 

The  apodized  transducer  has  thin  film  losses  associated  only  with 
the  metallic  conductors  and  dielectric  losses  within  the  piezoelectric 


substrates.  The  resistive  losses  are  calculated  using  the  conductor  material, 
sheet  resistance  and  the  transducer  beam  width  while  the  dielectric  losses 
in  the  piezoelectric  material  are  generally  negligible.  The  CW  transducer, 
however,  has  both  conductor  losses  and  thin  film  dielectric  losses  associated 
with  the  coupling  capacitors.  For  the  following  analysis,  it  is  assumed 
either  the  metallic  conductance  is  infinite  or  is  combined  with  the  dielectric 
conductance  loss  to  yield  an  effective  dielectric  conductance.  Figure  3 
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Figure  3.  Equivalent  circuit  for  single  tap  of  CW  transducer  where 
the  attenuator  capacitors  have  dielectric  losses. 


shows  the  equivalent  circuit  for  a single  tap  when  including  a loss  conduc- 
tance for  each  capacitor  and 

The  total  area  of  the  upper  electrodes  determine  the  relative 
magnitude  of  CT  and  the  thin  film  conductance.  This  leads  to  the  following 
definitions : 
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attenuator 

conductance 


I 


\ 


’ G1  + G2 


thin  film 
dielectric  Q 


(9) 


The  thin  film  capacitance  and  conductance  are  directly  proportional  to  the 
upper  electrode  area  yielding 


C1  " “wV  G1  " °^GT 

(10) 

C2  - <1  - W °2  - - “w)GT 


The  following  results  assume  » 1,  Solution  of  the  network  of 
Figure  3 for  the  attenuator  transfer  function  yields  the  same  results  as 
given  in  (5)  and  (6)  for  the  lossless  case.  However,  the  input  admit- 

tance of  the  network  is 


or  C 
w s 


IN 


V1 


V 


(1  + <*n 


- ot  ) 
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(ID 
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“vG, 


IN 


o + V' 


+ (i  - 


V1  + 2V 


(i  + «R) 


T->  a G„ 
2 ' w T 


(12) 


The  transducer  input  capacitance  remains  unchanged  from  the  ideal  lossless 
case  given  in  (8)  . The  input  conductance,  however,  is  composed  of  two 

terms;  the  first  term  yielding  the  acoustic  conductance  as  given  in  (7) 
and  the  bracketed  term  being  the  thin  film  loss  conductance  which  is  directly 
proportional  to 
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C.  Multitap  Model 
1.  Input  Admittance 

Based  on  the  single  tap  model  results,  it  is  now  possible  to 
determine  the  impulse  response  and  input  admittance  for  a multitap  trans- 
ducer. Since  it  is  desirable  to  maintain  a constant  delay  between  taps, 

(6)  dictates  that  cr  must  remain  constant  for  every  tap,  which  implies 
K is  constant.  The  tap  weights,  therefore,  are  set  by  appropriate  choice 
of  which  is  determined  by  the  upper  electrode  area  that  defines  capacitor 
C^.  This  is  analogous  to  the  tap  weight  being  proportional  to  the  finger 
overlap  of  an  apodized  transducer,  for  uniformly  spaced  electrodes,  the 
effective  number  of  taps  is: 

N j2nf  t n 

N ,,  ■=  £ or  (n)  e 00  (13) 

eff  , wv 
n-1 

where  or  (n)  is  the  n-th  tap  weight  as  defined  in  (3)  , N is  the  total  number 

w 

of  fingers,  t corresponds  to  the  delay  between  taps  and  f is  the  filter 
o o 

center  frequency. 

The  input  admittance  for  a multitap  transducer  at  center  frequency 
is  determined  using  the  impulse  response  model  [4]  and  the  single  tap 
analysis  previously  described.  The  acoustic  and  loss  conductances  are 
analyzed  separately  since  both  are  small  compared  to  the  capacitive  suscep- 
tance.  The  CW  transducer  acoustic  conductance  is  found  upon  expanding  (71 
as 


G'  (<D  ) 
a o 


2 2 

N ,,  K G 
eff  o 


(141 


where  is  the  vector  sum  of  the  tap  weights  as  determined  in 


L 
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The  total  loss  conductance  term  due  to  the  thin  film  dielectric  for  N 
parallel  taps  is  the  sum  of  each  individual  tap  loss  conductance  given  in 
(12)  yielding 


N 2 (1  + 2 a) 

gtf  ■ <“»<")  • “»<">  - - s 

n«l  (1  + a ) 


05) 


No  C.  ( 1 - a /a 
w T w w 


(1  + 2V 
(i  + v 


>) 


where  is  the  average  tap  weight  value  and  a • is  the  mean  squared  tap 
weight  value.  The  transducer  capacitance  is  the  sum  of  all  the  individual 
tap  capacitances  given  in  (&)  yielding 


C' 

o 


a NC  -y  _ 

»<”  + (1  + “r  - W 

K K 


(lb) 


The  ratio  of  mean  squared  tap  weight  value  to  the  average  tap  weight  value 
is  defined: 


(17) 


This  i;  a useful  term  since  it  provides  qualitative  information  about  the 

_ 

device  impulse  response.  For  S'  - 1,  which  requires  all  the  tap 

weights  to  be  unity  and  yields  a sin  (x)/x  frequency  response.  As  S'  approaches 
0,  the  mean  squared  tap  weights  are  approaching  0 faster  than  the  tap  weight 
value  which  transforms  to  frequency  responses  having  high  selectivity  and 
very  narrow  transition  bandwidths. 
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The  transducer  Q and  thin  film  loss  are  determined  using  the  cal- 
culated input  admittance  parameters.  The  CW  transducer  Q is  defined  as  the 
ratio  of  the  input  susceptance  to  the  acoustic  conductance  as 


Q' 


a)  C' 
o o 

Ga 


m C No 
os  w 

G N 2 
o eff 


(1  + «R  - S')  (1  + orR) 


(18) 


The  first  bracketed  term  is  defined  as 


u)  C Na  Na 

_ o s w w 

QR  ’ r^-2  ■ % 5 


G N 
o eff 


N 


eff 


(19) 


and  is  approximately  equal  to  the  Q of  an  apodized  transducer.  The  magnitude 

of  Q is  a function  of  the  substrate  material,  filter  percent  bandwidth  and 
K 

filter  shape  factor.  The  second  term  in  brackets  is  a function  of  S'  and 

a where  S'  is  determined  by  the  tap  weights  necessary  to  achieve  the  desired 
R 

filter  response  and  a is  the  ratio  of  the  electrode  to  electrode  capacitance 

R 

to  the  thin  film  capacitance.  Figure  4 is  the  plot  of  Q'/Q  versus  a 

K K K 

with  S'  as  a parameter. 

The  magnitude  of  the  thin  film  loss  is  determined  by  the  ratio  of 
the  thin  film  conductance  given  in  (15)  to  the  acoustic  conductance  given 
in  (14)  as 


4f  (1 


gtf/g;> 


-i 


where 


gtf/g;  - qr/qt 


(1+0  - s'(l  + 2oR) 


(20) 
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Figure  4. 


Plot  of  the  CW  transducer  Q,  normalized  by  the  value  of 
versus  a„  for  various  values  of  S'.  The  dashed  curve 
represents  the  minimum  value  of  Q'/Q,  for  every  value  of 
between  0 and  1.  R R 


VR’ 


a 


R 


The  ratio  of  Qr  given  in  (19)  to  the  thin  film  dielectric  determines 

the  relative  magnitude  of  the  loss.  Thin  film  dielectrics  with  high  Q and 
narrow  band  filters  having  low  Q minimize  the  loss  term.  Figure  5 is 
the  plot  of  G^p/G^  normalized  to  Q^/Q^,  versus  with  S'  as  a parameter. 


2.  Optimization  of  Parameters 

It  is  desirable  for  most 

transducer  Q'  while  also  minimizing 
K 

variable  not  yet  determined  by  the 


filter  applications  to  obtain  the  minimum 
the  thin  film  loss.  The  only  design 

. The  value  of 


nicer  response  is 


“R 
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Figure  5.  Plot  of  the  ratio  of  the  thin  film  loss  conductance  to  the 

acoustic  conductance,  normalized  with  respect  to  Q /q  , versus 

for  various  values  of  S'.  The  dashed  curve  rep?es!nts  the 

minimum  value  of  G /G^  (which  yields  the  lowest  thin  film 

loss)  for  every  value  of  a between  0 and  1. 

R 


which  minimizes  is  found  by  taking  the  derivative  of  (18)  and  setting 
the  result  to  zero  yielding  the  solution 

= 7l  - S'  (21) 

In  a similar  manner  the  value  of  ck  which  minimizes  the  thin  film  loss  is 

R 

found  by  taking  the  derivative  of  (20)  and  setting  the  result  to  zero 

which  yields  the  same  solution  as  in  (21)  . It  is  possible,  therefore, 

to  simultaneously  minimize  the  CW  transducer  Q'  and  the  thin  film  loss  by 

R 


■m 


I 


using  the  optimum  value  of  a . The  CW  transducer  parameters  are  rewritten 


2 a'  <u  C'  2a' 

R _ o o R 

(1  + ap  (1  + ap 

(22) 

Ok  - V1  + “r)2 

OifK  ■ V«E  (2“i  (1  + “R>' 

The  results  in  (22)  show  the  input  capacitance  of  a CW  transducer  is 

identical  to  an  apodized  transducer  but  there  is  a decrease  in  the  acoustic 

_2 

conductance  given  by  (1  + a')  . The  loss  conductance  term  due  to  the 

£\ 

dielectric  film  is  easily  calculated  knowing  the  device  design  and  dielectric 

. The  broken  line  curves  in  Figures  4 and  5 represent  the  minimum 

Q'  and  loss  term  when  using  the  optimized  value  of  a gi/en  in  (21). 

R R 

The  transducer  parameters  for  apodized,  CW  and  CTWN  transducers  are  provided 
in  Table  1 for  comparison. 


using  (21). 


N 2G 

-■ » - ef f o 
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D.  Design 

The  desired  filter  frequency  response  Is  Fourier  transformed  to 

yield  the  analogue  Impulse  response  which  Is  then  sampled.  A time  sampling 

rate  of  (2f  ) * is  chosen  for  symmetrical  filters  and  a sampling  rate  greater 
o 

than  (2f^)  * must  he  chosen  for  non-symmetrlcal  filters  T 5 1 . As  previously 
mentioned,  tap  weighting  for  a CW  transducer  Is  achieved  on  only  those  taps 
connected  between  the  busbar  and  the  acoustic  beam,  as  shown  In  Figure  6. 
Therefore,  the  negative  samples  are  deleted  from  the  Impulse  response  leaving 
only  positive  samples  which  are  then  Implemented  by  the  CW  transducer. 

The  deletion  of  the  negative  taps  for  a (2f>l1  sampling  rate  gives 
rise  to  harmonics  at  0 and  2 f In  the  frequency  domain.  However,  the  total 
transducer  response  Is  obtained  by  multiplying  the  sampled  frequency  response 
by  the  response  of  a single  cell.  The  single  cell  represents  the  smallest: 
unit  which  Is  repetitive  throughout  the  transducer.  Smith  and  Pedler  |bl 
have  obtained  the  single  cell  frequency  response  for  single  and  double  elec- 
trodes and  the  analysis  also  yields  the  relative  magnitudes  for  the  various 
harmonics.  The  sharp  nulls  occurring  at  the  even  harmonics  for  single  and 
double  electrodes  very  effectively  suppress  the  busharmonlcs  at  0 and  2f(. 
Given  the  tap  weights  as  determined  from  the  sampled  impulse 

response,  the  total  number  of  taps  N,  the  effective  number  of  taps  N , 

e 1 1 

the  average  tap  weight  and  the  average  squared  tap  weight  are  all  known. 

Upon  choice  of  the  substrate  material  and  thin  film  dielectric  and  given 
the  sampled  Impulse  response,  the  optimised  CW  transducer  parameters  given 
In  (221  are  calculated  in  a simple,  straightforward  manner.  The  S'  term 
may  be  Increased  while  maintaining  the  filter  Integrity  by  using  the  tap 
enchancement  procedure  I 7 1 . 
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E.  Fabrication 


Fabrication  of  CW  transducers  is  very  similar  to  that  of  CTWN 
transducers  [2].  A mask  consisting  of  equally  spaced,  parallel  lines 
having  the  same  width  and  length  is  used  to  define  lower  electrodes  directly 
atop  the  piezoelectric  substrate;  with  all  the  ground  electrodes  (i.e.,  non- 
weighted  taps)  connected  to  a common  bus.  A suitable  dielectric  is  then 
deposited  (i.e.,  evaporated,  sputtered,  etc.)  over  the  entire  surface  to 
the  desired  thickness.  A final  mask  is  used  to  define  the  upper  electrode 


Figure  7.  Perspective  view  of  a tap  in  a CW  transducer  where  each  elec- 
trode represents  1/8  wavelength. 


pattern  which  is  precisely  aligned  over  the  lower  electrodes  forming  the 
capacitor  attenuator  network.  Figure  7 and  8 show  a perspective  and  cross 
sectional  view  ot  a portion  of  a CW  transducer.  Kach  electrode  in  Figure 
7 represents  1/8  wavelength  and  this  structure  is  periodic  throughout  the 
transducer.  The  negative  buses  above  and  below  the  dielectric  layer  are 
capacitlvely  coupled  when  providing  a sufficiently  low  impedance  short  or 
are  directly  shorted  when  a suitable  hole  is  provided  through  the  dielectric. 


t 


Figure  8. 


Cross  sectional  view  of  the  layered  structure  used 
the  CW  transducer. 


in  fabricati 
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filters  were  built  on  128°  YX  LiNbO^  with  the  transducers  having  96  micron 
wavelengths  and  10  wavelength  beam  widths. 

Filter  A consists  of  a 10  pair,  non-weighted  interdigital  trans- 


ducer (IDT)  in  cascade  with  a CW  transducer  whose  parameters  are  given  in 

TABLE  2 

PARAMETERS  OF  CW  TRANSDUCER 
CW  TRANSDUCER 

96  microns 
10  wavelengths 
54  wavelengths 
.81  pf 
10.95 
6.09 
.57 

7059  Corning  glass, 

n = 20  + 107. 

VTF  - 

Table  2.  Figure  9a  shows  the  superimposed  theoretical  and  experimental, 
unmatched  filter  response  in  a 50  0 system.  The  passband  response  is  good, 
however  the  sidelobe  selectivity  is  limited  to  approximately  -40  dB  which 
is  believed  due  to  random  fabrication  errors  and  bulk  or  plate  modes.  Table 
3 lists  Filter  A impedance  and  insertion  loss  data  and  agreement  between 
theory  and  experiment  is  good. 


wavelength 

beam  width 

transducer  length 

header  capacitance 

Na~ 

w 

Neff 

s'  - vH 

RF  sputtered  dielectric, 
t = 4400  X ± 57. 
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Figure  9.  Unmatched  frequency  responses  of  Filters  A and  B. 

Filter  B consists  of  two  identically  weighted  CW  transducers, 
whose  parameters  are  given  in  Table  2.  Because  the  t'W  transducers  have 
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a uniform  beam  width,  two  dynamically  weighted  transducers  can  be  directly 
cascaded  for  greater  filter  selectivity  without  the  use  of  a multistrip 
coupler.  Figure  9b  shows  the  superimposed  theoretical  and  experimental 
unmatched  filter  response  in  a _>0  Q system.  The  response  is  extremely  non- 
symmetrical,  as  predicted,  and  the  sidelobe  rejection  is  approximately  50 
dB.  Table  3 lists  impedances  and  insertion  loss  data  for  Filter  B. 
Agreement  between  the  theory  and  experiment  is  very  good  and  a reduction 
in  the  thin  film  loss  is  expected  upon  fabrication  of  higher  Q dielectrics 
for  the  thin  film  capacitors. 


TABLE  3 


MEASURED  IMPEDANCE 

AND  LOSS  PARAMETERS  THAT 

VERIFY  MODEL 

Filter  A 

Untuned  (§40.2  MHz 

Calculated 

Measured 

Z (IDT) 

500/ -65° 

535/ -65'’ 

Z(CW) 

380/-870 

315/ -86 . 5' 

IL(50  0 system) 

29.85  dB 

28.7  dB 

Filter  B 

Untuned  (§43.1  MHz 

Calculated 

Measured 

Z(CW) 

373/-S5.2 

314/ -84 . 

IL(50  n systems) 

34.9  dB 

34.36  d' 

\ 
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G.  Conclusion 


The  CW  transducer  has  been  presented  as  a practical  way  to  achieve 
tap  weight  control  for  SAW  filters.  The  impulse  response  model  is  derived, 
the  thin  film  losses  are  defined  and  experimental  verification  is  provided. 
The  technique  provides  the  uniform  beam  width  advantages  of  the  CTWN  trans- 
ducer but  substantially  reduces  the  transducer  Q.  The  CW  transducer  Q is 
higher  than  a similar  apodized  transducer,  however,  the  CW  transducer  pro- 
vides more  versatile  design  due  to  the  uniform  beam  width  and  control  of 
the  effective  capacitive  coupling  coefficient. 


SECTION  III 

TAP  WEIGHT  ENHANCEMENT  FOR  BROADBAND  FILTERS 
A.  Introduction 

Considerable  work  has  been  devoted  to  the  accurate  design  of  SAW 
bandpass  filters  and  to  the  techniques  for  adjusting  the  strength  of  the 
transducer  taps  used  in  these  filters.  Withdrawal  weighting,  first  intro- 
duced by  Hartmann  [8]  is  becoming  widely  accepted  as  an  effective  means  of 
controlling  the  response  of  narrowband  transducers  which  contain  a large 
number  of  taps.  This  approach  produces  a uniform  width  acoustic  beam  and 
allows  two  weighted  transucers  to  be  cascaded.  In  addition,  a uniform  beam 
is  less  sensitive  to  diffraction  errors  and  field  fringing  at  the  end  of  the 
transducer  electrodes,  and  therefore  produces  more  predictable  results.  How- 
ever, filters  which  require  high  selectivity,  low  shape  factors,  and  large 
fractional  bandwldths  do  not  have  a sufficient  number  of  taps  to  make  this 
technique  effective.  Such  filters  are  generally  realized  using  apodizati.  on 
or  some  form  of  attenuators  attached  to  the  taps  to  adjust  the  transducer 
response  [9,  2].  Both  of  these  techniques  have  a limited  range  over  which 
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Che  cap  weights  can  accurately  be  adjusted  and  designs  with  a large  number 
of  small  taps  are  not  as  accurately  implemented  as  designs  with  a smaller 
range  of  specified  tap  weights. 

This  chapter  presents  a compromise  approach  in  which  a series  of 
taps  with  small  strengths  are  replaced  by  a single  larger  tap.  This  tap 
enhancement  technique  is  significantly  different  from  the  tap  deletion 
described  by  Hartmann  because  it  does  not  simply  delete  the  taps  to  achieve 
tap  weighting  but  deletes  electrodes  and  alters  the  strength  of  the  remain- 
ing electrodes  to  maintain  the  integrity  of  the  design.  This  technique, 
called  tap  enhancement,  Improves  the  response  of  both  the  capacity  weighted 
(2]  and  apodized  transducers  because  larger  taps  are  less  sensitive  to 
fabrication  inaccuracies  and  field  fringing  which  result  in  additive  taps 
weight  errors.  In  addition,  this  elimination  of  the  large  number  of  small 
taps  lowers  the  electrical  Q of  capacity  weighted  transducer  [2]  and 
lowers  the  insertion  loss  of  apodized  transducers. 

The  analysis  necessary  for  implementing  the  tap  enhancement  pro- 
cedure is  presented  along  with  an  experimental  verification  on  a capacity 
weighted  transducer.  The  effect  of  the  tap  enhancement  on  the  inband  ripple, 
the  transition  region,  the  near  in  selectivity,  and  the  far  field  selectivity 
is  demonstrated  by  the  comparison  of  a reference  filter  which  implements  an 
entire  set  of  tap  weights  and  a second  filter  implementing  a tap  enhanced 
version  of  the  original  tap  weights.  Both  devices  use  capacity  weighted 
transducers . 


B.  Tap  Weight  Enhancement  Analysis 

The  tap  enhanced  design  is  achieved  by  substituting  a single  large 
tap  for  a number  of  smaller  taps  and  adjusting  the  center  frequency,  ampli- 
tude, delay  and  phase  of  the  larger  tap  to  those  values  of  the  entire  set 
being  replaced. 

Let  W1>W2,...WN  be  the  strength  of  a set  of  N small  taps  with 
delays  t , t ,...t  . This  set  of  N taps  is  to  be  replaced  with  a single 
tap  of  strength  W and  delay  T.  Equating  the  amplitudes  and  phases  at  center 
frequency,  f^,  yields: 


-j2nf  T N -j2nf  t. 
We  ° - Z W.e  ° 1 

i=l  1 


Equating  the  group  delays  at  center  frequency  yields 


-j2nf  T N -j2nf  t 

T We  ° = E t W e ° 1 

i-1  1 1 


If  the  N taps  are  equally  spaced,  at  half-wavelength  intervals, 


t = iAt 


whe  re : 


and  equations  (23)  and  (24)  are  written  as: 


We--"*  - ? 

i-1 
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where: 


„ ,,  -jni  -jnK 

£ nW  e J =*  KWe 

i-1  t 


K = T/At 


Since  i is  an  integer,  equation  (25)  requires  K to  be  an  integer. 
Solving  equation  (25)  and  (26)  for  K yields: 


£ iW  e 
i=l  1 


£ We 
i=l 


which,  in  general,  is  a non-integer  value.  To  overcome  this  problem,  a 
fraction  of  the  tap  is  left  out  of  the  replacement  procedure  in  a 
manner  so  that  equation  (27)  becomes  an  integer.  Let  m be  the  largest 
integer  smaller  than  K.  The  portion  of  the  Ntl1  tap  excluded  from  the  sum- 
mation is  defined  as  AW  and  is  related  to  the  integer  m by 


I - NiMe--*"11 

1-1  

i = l ^ 


Substitution  of  equation  (27)  and  (28)  yields 


,-jnN  _ Kmo  ^ w -jni 


N-m  . . i 
i=*l 


This  artifice  enables  the  replacement  of  the  N taps  of  strengths 

W,,Wn,...W„  , (W  - AW)  with  a single  tap  of  strength  W: 

I l N- 1 N 
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N 

w = ( s w.)  - aw 

i = l 1 


(30) 


such  that  equation  (25)  and  (26)  are  both  satisfied.  The  portion  of 
the  Nth  tap  excluded  from  the  summation,  AM,  is  considered  as  part  of  the 
next  set  of  taps  to  be  replaced  and  the  same  procedure  is  repeated. 

Figure  10  shows  the  set  of  equally  spaced  reference  tap  weights 
used  as  an  example  in  comparison  to  an  enhanced  set  of  tap  weights  where  a 
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Figure  10.  Conventional  set  of  periodically  spaced  tap  weights. 
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4:1  compression  is  used  in  each  time  sidelobe  (Figure  11).  Applying  the 
compression  to  only  the  sidelobes  reduces  the  nearest  neighbor  effect  errors 
Figure  12  is  the  frequency  response  of  the  reference  tap  weights  and 


TIME  t M I CROSECOI IDS > 

(b) 

Figure  11.  Corresponding  tap  enhanced  weights  using  a 4:1  compression  in  the 
time  sidelobes. 


Experiment' 


'I've  filters  have  been  fabricated  to  verify  the  tap  enhancement 
techniques.  Filter  A used  two  cascaded  capacity  weighted  transducers  to 


Figure  14.  Photograph  of  actual  device. 

a)  Filter  A using  conventional  tap  weighting. 

b)  Filter  B using  tap  enhancement . 


Implement  the  reference  tap  weights  and  Filter  B used  the  same  type  trans- 
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ducers  to  implement  the  enhanced  tap  weights  as  shown  in  Figure  14.  The 
devices  have  a center  frequency  of  50.6  MHz  and  a 5 wavelength  beam  width. 
The  dielectric  layer  is  evaporated  SiO^  having  a thickness  of  3400  X and 
the  upper  and  lower  electrodes  are  of  Al  having  a thickness  of  approximately 


Figure  15.  Superimposed  unmatched  theoretical  and  measured  frequency 
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2000  X.  Figure  15  is  the  superimposed  unmatched  theroretical  and 
measured  frequency  responses  of  Filter  A which  are  in  good  agreement  in  the 
passband  with  a slightly  higher  sidelobe  level  than  predicted.  Figure  16 
is  the  superimposed  unmatched  theoretical^  and  measured  frequency  responses 
of  Filter  B which  are  also  in  good  agreement  with  slightly  less  roundoff  in 
the  passband  than  predicted.  The  passband  shape  of  Filter  B is  predicted 
well  and  the  near  passband  sidelobes  are  maintained  at  about  -50  dB.  The 
loss  of  selectivity  far  from  center  frequency  is  predicted.  Comparison  of 
Figure  15  and  16  demonstrates  that  the  tap  enhanced  design  is  easier 
to  implement  and  less  sensitive  to  fabrication  errors  and  second  order 
effects  than  the  filter  with  all  the  small  taps. 

Figure  17  and  18  shows  the  matched  response  of  Filter  A 

and  B.  Filter  B has  better  sidelobe  rejection  than  Filter  A and  the  effects 
of  the  tap  enhancement  procedure  are  suppressed  by  the  electrical  matching. 

The  insertion  losses  of  Filter  A and  B are  12.2  dB  and  11. 0 dB,  respectively, 

with  the  increased  passband  ripple  being  due  to  the  triple  transit  echo. 

The  reduction  in  IL  is  a direct  result  of  eliminating  the  small  taps. 

Table  4 contains  the  important  design  data  for  the  capacity 
weighted  transducers  used  in  Filter  A and  B.  The  two  parameters  of  importance 
are  the  input  conductance  and  capacitance.  The  conductance  of  transducer  A 
is  larger  than  transducer  B and  is  attributed  to  the  difference  in  the  capac- 
itor losses  of  the  thin  film  networks,  based  on  insertion  loss  measurements. 
The  input  capacitance  of  the  tap  enhanced  transducer,  B,  is  approximately 
157  less  than  the  reference  transducer,  A,  and  is  close  to  the  predicted 
value  of  16.77..  Tit  is  verifies  the  increase  in  the  transducer  insertion- 
bandwidth  nroduct  resulting  from  the  elimination  of  the  small  taps. 
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The  theoretical  response  reflects 
with  a surface  profiler. 


the 


ac  t ua 1 


tap  positions  as  measured 
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TABLE  4 


» 

I 


Design 

Parameters 

PARAMETERS  FOR  TEST  TRANSDUCERS 

Transducer  A 

Transducer  B 

fQ  (MHz) 

51.0 

51.0 

Beam  Width  (X's) 

5.0 

5.0 

2 

“w 

0.22 

0.35 

Cs  <pf) 

0.251 

0.251 

cT  (Pf) 

0.848 

0.848 

°R 

0.296 

0.296 

gin 

268.37 

240.21 

CIN  <P£) 

13.2 

11.4 

arw  - mean  squared  tap  weight 

Cg  - capacitance  of  lower  electrodes  for  a single  tap 

CT  - capacitance  of  thin  film  bridge  network  for  a single  tap 

a - ratio  of  C to  C 

r s r 
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D.  Conclusion 


The  theory  for  the  substitution  of  a single  large  tap  for  a series 
of  small  taps  has  been  derived.  Experimental  results  for  capacity  weighted 
transducers  verify  the  theory.  The  elimination  of  small  taps  increases  the 
transducer  insertion  loss -bandwidth  product  and  results  in  better  filter 
selectivity  when  impedance  matching  is  implemented.  This  technique  works 
for  the  general  class  of  bandpass  filters,  including  broadband  filters,  with 
low  shape  factors  where  withdrawal  weighting  is  not  effective.  Tap  enhance- 
ment may  also  be  extended  to  the  apodized  transducer  for  increased  tap  weight 
accuracy  and  reduced  diffraction  distortions. 
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SECTION  IV 

GROUP  TYPE  CAPACITIVE LY  WEIGHTED  UNIDIRECTIONAL  TRANSDUCERS 
FOR  HIGHLY  SELECTIVE  FILTERS 


A.  Introduction 

Surface  acoustic  wave  (SAW)  unidirectional  transducers  (UDT) 
achieve  low  loss  by  eliminating  bidirectional  generation.  The  UDT  also 
has  the  further  advantage  of  greatly  suppressing  the  triple  transit  (TT) 
echo  associated  with  bidirectional  transducers  [10]. 

It  is  the  purpose  of  this  chapter  to  describe  the  group  type 
capacitively  weighted  unidirectional  transducer  (CW-UDT).  This  technique 
yields  the  desired  unidirectional  power  flow  and  triple  transit  suppression 
while  providing  tap  weighting  of  a uniform  beam.  The  CW-UDT  enables  the 
design  of  low  shape  factor,  highly  selective,  broadband  filters  where  the 
use  of  withdrawal  weighting  is  impractical.  The  theory  of  capacitive  tap 
weighting  fill  and  group  type  unidirectional  transducers  [12]  have  been 
previously  described;  this  chapter  discusses  the  merging  of  the  two  concepts 
and  the  resulting  CW-UDT  structure.  A filter  consisting  of  two  identical 
CW-UDT' s directly  in  cascade  is  presented  and  the  filter  results  are  discussed. 
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B.  Group  Type  (.iW-UDT  Structure 

The  group  type  UD'J>  structure  consists  of  two  identical,  inter- 
leaved ports,  labeled  I and  Q,  with  quarter  wavelength  spatial  shift  between 
I and  Q ports  at  center  frequency.  Figure  19  shows  the  totalization 
pattern  of  a non-weighted,  group  type  UDT.  When  an  electrical  90°  phase 


I port 


Q port 


Figure  19.  Group  type  unidirectional  transducer. 


shift  is  provided  between  I and  Q ports  at  center  frequency  the  surface 
waves  add  constructively  in  the  forward  direction  and  destructively  in 
the  reverse  direction  providing  unidirectional  power  flow.  The  structure 
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requires  no  crossovers  and  is  processed  in  a single  fabrication  step, 
however,  there  are  two  important  limitations.  First,  the  meandering  ground 
line  provides  a high  resistance  path  whose  magnitude  depends  on  transducer 
length.  This  results  in  resistive  loss.  The  second  problem  is  that  breaks 
or  thin  spots  in  the  ground  line  due  to  fabrication  errors  may  render  large 
portions  of  the  transducer  electrodes  inoperative,  thereby  reducing  manu- 
facturing yields. 

The  group  type  CW-UDT  transducer  structure  is  composed  of  a set 
of  lower  electrodes  and  ground  buses  deposited  directly  atop  the  piezo- 
electric svibstrate,  a sputtered  dielectric  layer  deposited  over  the  entire 
substrate,  and  a set  of  upper  electrodes  and  buses  which  are  correctly 
aligned  with  respect  to  the  lower  electrodes.  Figure  20a  shows  a lower 
electrode  pattern  for  a CW-UDT.  The  ground  buses  are  connected  together 
on  either  side  of  the  acoustic  beam  by  a quarter  wavelength  metal  strip  to 
reduce  the  meandering  ground  line  resistance.  Floating  electrode  pairs  are 
used  for  the  thin  film  weighting  capacitors  and  are  alternately  coupled  to 
the  1 and  Q ports.  Figure  20b  shows  the  upper  electrodes  of  the  coupling 
capacitors  and  bonding  pads.  A perspective  of  the  repetitive  structural 
unit  of  the  CW-UDT  is  shown  in  Figure  21.  The  electrodes  connected  to 
the  I and  Q ports  crossing  over  the  lower  ground  strip  are  isolated  by  the 
dielectric  layer.  This  increases  transducer  capacitance  but  decreases 
device  insertion  loss.  The  increase  in  transducer  capacitance  is  determined 
by  the  number  of  crossovers  and  the  capacitance  per  crossover.  Bonding  of 
the  device  is  accomplished  on  the  upper  aluminum  pattern,  with  the  capacitive 
reactance  between  the  upper  and  lower  ground  electrodes  and  pads  forming  a 
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C.  Filter  Design  and  Results 

The  filter  response  consists  of  two  identically  weighted  CW-UDT's 
having  10  wavelength  beam  widths  at  a center  frequency  of  41  MHz.  Each 
transducer  has  a 10  percent  bandwidth  and  a shapefactor  of  3.  The  important 
transducer  design  data  is  listed  in  Table  5.  Corning  7059  glass  is  RF 
sputtered  to  a thickness  of  3600  X and  used  as  the  thin  film  capacitor  dielec- 
tric. The  sputtering  is  accomplished  in  a 1:1  atmosphere  of  argon  and  oxygen 
having  a background  pressure  of  20  p,  and  a deposition  rate  of  approximately 
25  X/min.  The  system  provides  uniform,  pin  hole  free  films. 

The  transducers  are  tuned  using  a two  element  series  tuning  scheme 
(Section  V)  which  yields  a pure,  real  input  impedance  and  provides  the 
required  90°  phase  shift  between  ports.  The  input  impedance,  with  the  tuning 
network  in  place,  is  65  Q which  is  a reasonably  close  match  for  testing  in 
a 50  Q system.  Figure  22a  shows  the  magnitude  of  the  passband  ripple  being 
approximately  0.05  dB.  The  triple  transit  echo  (measured  at  -47  dB)  is 
accounted  for  by  edge  and  absorber  reflections  having  approximately  the  same 
magnitude.  The  6 dB  insertion  loss  passband  and  adjacent  sidelobes  (down 
60  dB)  are  shown  in  Figure  22b  Figure  22c  is  the  broadband  filter 
response.  Subharmonics  inherent  in  the  transducer  design  appear  as  expected. 
This  is  a predictable  affect  which  must  be  considered  in  the  design  of  a 
CW-UDT . 

Each  transducer  has  approximately  3 dB  loss  which  is  primarily 
due  to  the  thin  films  composing  the  transducer  structure.  The  two  major 
mechanisms  are  tlie  resistive  losses  of  the  conductors  and  the  thin  film 
dielectric  loss.  The  dielectric  Q is  20  which  yields  a dielectric  loss 
of  approximately  1 dB  per  transducer.  The  remaining  loss  is  primarily  due 
to  the  conductor  resistance  of  the  electrodes  and  pads. 


TABLE  5 


I 


center  frequency 
3 dB  bandwidth 
transducer  length 
acoustic  beam  width 
bus  bar  width 
dielectric 

conductor 


CW  UDT  DATA 

41  MHz 
4.1  MHz 
19  wavelengths 
10  wavelengths 
1 wavelength 

7059  glass  - RF  sputtered 
3600  A + 10% 

aluminum  2000  X + 20% 


! 


Frf*quency  (mHz) 


nr  l»HI 


Figure  22.  CW-UDT  response. 


5 


SECTION  V 


TUNING  OF  GROUP  TYPE  UNI DRECTI ONAL  TRANSDUCERS 
A.  Introduction 

The  use  of  conventional  biphase  transducers  for  filter  applications 
have  two  inherent  limitations.  In  a conventional  two  transducer  configuration, 
the  minimum  theoretical  insertion  loss  attainable  is  6 dB  due  to  the  bidirec- 
tionality of  the  input  and  output  transducers.  In  addition,  a triple  transit 
echo  is  present  with  a level  equal  to  approximately  twice  the  electrical 
mismatch  loss  plus  6 dB.  In  order  to  maintain  the  triple  transit  signal 
below  a specified  level,  additional  insertion  loss  is  many  times  introduced. 

A variety  of  unidirectional  transducer  structures  have  been  reported 
to  reduce  filter  insertion  loss  and  minimize  the  triple  transit  echo  [12]. 

[ 1 3 J , [3].  The  group  type  unidirectional  transducer,  shown  in  Figure 
23  , uses  Interleaved  inphase  and  quadrature  ports.  The  inphase  (I)  and 
quadrature  (Q)  ports  are  spacially  separated  by  1/4  wavelength  and  each 
have  identical  filter  responses.  Upon  applying  an  external  electrical 
phase  shift  between  the  I and  Q port,  the  surface  waves  add  constructively 
in  the  forward  direction  and  destructively  in  the  reverse  direction  providing 
unidirectional  power  flow. 

This  paper  presents  a method  of  employing  a very  simple  tuning 
scheme  for  group  type  unidirectional  transducers.  The  tuning  of  the  trans- 
ducer must  simultaneously  satisfy  three  criteria: 

1)  elimination  of  the  capacitive  reactance  by  tuning  to  a purely 
real  input  impedance 

2)  equal  power  must  be  delivered  to  the  I and  q ports 

3)  a 90"  electrical  phase  shift  must  be  provided  between  the  I 
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and  Q ports. 


u 


Figure  23. 


Series  tuning  approach  for  block  type  UDT 
are  represented  by  the  reactances  and 
ports,  respectively. 


The 

JV 


tuning  elements 
or  the  I and  Q 


The  method  of  tuning  presented  uses  a maximum  of  two  elements  and,  in  par- 
ticular cases  which  are  described,  the  use  of  a single  tapped  coil  or  a 
single  inductor  will  provide  the  necessary  tuning  network  while  satisfying 
the  three  conditions  listed  above. 


I 


B.  Network  Analysis 


For  symmetrical  filters,  the  impedance  of  the  I and  Q ports  is 


identical  and  givan  by 


Z1  = ZQ  = M ^ 


A reactance  component,  X , is  placed  in  series  with  the  I port 
and  a reactance  component,  X^,  is  placed  in  series  with  the  Q port,  as  shown 
in  Figure  23,  such  that  the  new  input  impedances  are 


Z*  - 1 A * J 14451  = A cos  0-jAsin$+jXj 


zq  = lz ' 1 1-45°  = A cos  0 - j Z sin  0 + j X^ 


Solution  of  (321  requires 


X^  3 A(cos  0 + sin  0) 


X^  = A(sin  0 - cos  0) 


and  substitution  of  (33)  into  (32)  yields 


[A' 1 = \J2  A cos  0| 


The  sum  of  the  reactances  X^  and  X^  is 


XI  + XQ  “ 2A  Sln  0 


U 


which  is  equal  to  the  sum  of  the  capacitive  reactances  of  both  the  I and  Q 
ports.  The  generator  sees  the  impedances  Zj  and  Z^  in  parallel  yielding 


7 ' 7 1 
ZI  Z0 
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which  is  a purely  real  impedance. 


It  is  also  possible  to  obtain  the  same  results  using  a parallel 
tuning  configuration  shown  in  Figure  24.  Following  a similar  procedure 


T««n  htrn»«n  mn»«n  nmi*«n  mm*" 
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Figure  24.  Parallel  tuning  approach  for  block  type  HOT.  The  tuning  elements 
are  represented  by  the  susceptances  jt^  and  tor  the  l and  Q 

ports,  respectively. 


as  previously  described,  it  is  straightforward  to  show  that  the  input 
impedance  seen  by  a generator  for  parallel  tuning  is 


Z'  = 

IQ  *2  cos  01 


(37) 


For  either  tuning  configuration,  the  same  voltage  is  applied  to 
the  I and  Q ports  and  the  magnitude  of  the  impedances  are  identical,  there- 
fore the  power  delivered  to  each  port  is  the  same.  The  necessary  90°  phase 
shift  between  the  current  in  the  I and  Q ports  is  provided  by  the  reactive 
components  thereby  satisfying  the  requirements  for  unidirectional  power  flow 
when  driving  the  two  ports  in  parallel  with  a given  generator. 

It  should  be  noted  that  the  impedances  in  (31)  assume  both  the 
I and  Q ports  are  active  with  the  required  90°  external  electrical  phase 
shift  between  ports.  However,  it  is  much  easier  to  measure  the  impedance 
of  only  the  I or  Q port  with  the  other  port  inactive  and  then  calculate  the 
resulting  impedance  when  both  ports  are  active.  A simple  example  clarifies 
this  point.  Given  the  measured  values  of  the  I port,  with  the  Q port 

grounded,  as  B = u)  C as  the  total  capacitive  susceptance,  G = aB  as 
Coin  a.  c 

the  acoustic  conductance  and  G = pB  as  the  parasitic  loss  conductance, 

P C 

then  the  impedance  given  in  (31)  with  both  ports  active  is 


Zj  = ZQ  « 1bc(1  + (2or)2  + f>V1/2  1-  (2a  + P) 


(38) 


The  results  in  (40)  simply  state  the  capacitive  susceptance  and  parasitic 
conductances  add  while  the  acoustic  conductance  doubles  at  each  port  due  to 
the  acoustic  and  electrical  interactions  of  the  I and  Q ports.  It  is  extremely 
important  to  include  this  interaction  when  calculating  the  input  impedance  Z ' ^ ^ - 


The  transducer  input  impedance  is  dependent  upon  the  percent  band- 
width, shape  factor,  beam  width,  particular  device  structure  and  parasitic 
conductance  and  capacitance.  The  following  example  assumes  no  parasitics 
but  these  can  be  easily  included  when  they  are  determined.  It  is  instructive 
to  examine  the  simple  case  of  a non-weighted  UDT  at  center  frequency  since 
this  provides  a concise  and  simple  analysis. 

For  a non-weighted  transducer  at  center  frequency  the  input  con- 
ductance is 


2 2 
G = 8k  f C N 
a os 

2 

where  k is  the  piezoelectric  coupling  coefficient,  f is  the  center  frequency, 
N is  the  number  of  finger  pair  and  Cg  the  finger  pair  capacitance  which  is  a 
function  of  the  substrate  material  and  transducer  beam  width.  With  both  the 
I and  Q ports  active,  the  impedance  in  (31)  is 


A = 2iNfoCgV(2Ti)2  + (8k2N)2f 1 


i 2TTf  NC  i 

— If  O S . “lrTT  - 

0 = tan  I — ^ o = tan  — 2~~ 

8k  f C N 4k  N 
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where  the  factor  of  2 preceeding  the  bracketed  term  in  the  magnitude  arises 

4k2 

from  splitting  the  transducer  into  I and  Q ports.  Letting  x = N,  (371 
is  rewritten  as 


A = 2 [ No;  C «/l  + x2  ] 1 
o s 

0 = tan  * [x  * ] 
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Three  cases  quickly  lend  insight  into  series  tuning  the  unidirec- 
tional transducer  and  similar  cases  can  be  obtained  for  parallel  tuning. 

Case  1.  For  x « 1,  then  0 « 45°,  A ^ 2 /No;  C and  the  tuning  elements  are 


(o  L and  X„  = to  L 
o I Q 


o Q 


This  corresponds  to  large  percent  bandwidth  filters  with  few  fingers  which 
require  inductors  for  both  tuning  elements.  Tuning  can  be  achieved  by  using 
to  separate  inductors  or  using  a single  tapped  coil  where  the  ratio  of  the 
inductances  obtained  from  (33)  are 


Q _ sin  0 - cos  0 
sin  0 + cos  0 


(41) 


As  the  phase  approaches  90°,  the  two  inductors  are  nearly  of  equal 
size  which  allows  nearly  center  tapping  of  a single  coil  and  as  the  phase 


approaches  45°  the  inductor  approaches  0. 


Case  2.  For  x = 1,  then  0 = 45°,  A 


A 


Noi  C 
o s 


and  the  tuning  elements  are 


X,  = to  L,  and  X„  = 0.  This  is  a unique  condition  where  N = n/4k  and  only 
I o I Q 

a single  element  is  needed  where  U)  L = Jl  A. 

or 


xNio  C 
o s 


and  the  tuning  elements  are 


Case  3.  For  x » 1,  then  0 » 45°,  A 
Xj  * and  Xq  = (u)0Cq)  • This  corresponds  to  narrow  band  filters  with 

many  fingers.  The  capacitor,  C^,  can  be  either  external  or  a thin  film 
capacitor  utilizing  unused  substrate  area  outside  the  propagation  path.  If 
the  capacitor  is  fabricated  on  the  substrate,  only  a single  external  tuning 
coil  is  needed  to  satisfy  all  the  criteria. 
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C.  Experimental  Results 


To  experimentally  verify  the  above  analysis,  a filter  was  fabricated 
using  an  interdigital  unidirectional  transducer  (ID-UDT)  in  cascade  with  a 
capacitively  weighted  unidirectional  transducer  (CW-UDT)  each  having  10  wave- 
length beam  width.  Capacitive  weighting  of  one  transducer  was  used  since 


it  provides  dynamic  tap  weighting  for  filter  selectivity  while  maintaining 
a uniform  beam  width  [3],  [14].  The  device  is  designed,  bonded  and  packaged 

symmetrically  about  the  center  of  the  beam  to  obtain  nearly  identical  parasitic 
effects  on  the  I and  Q ports  of  each  transducer.  Testing  of  the  filter  was 
accomplished  in  a 50  Q system.  Both  transducers  used  the  series  tuning  approach 
since  the  impedances  obtained  were  very  close  to  50  Q and  identical  results 
were  obtained  using  either  two  inductors  or  a single  tapped  coil.  The  trans- 
ducers were  tuned  to  simultaneously  obtain  the  highest  signal  level  with 
minimum  passband  ripple  and  measurement  of  the  input  impedances  always  yielded 
a purely  real  value  as  predicted.  The  calculated  impedance  for  the  ID-UDT 
is  41  0 and  the  measured  value  is  43  Q and  the  calculated  impedance  for 
the  CW-UDT  is  48  0 and  the  measured  value  is  58  Q.  The  difference  in  the 
calculated  and  measured  impedance  of  the  CW-UDT  is  due  to  the  estimation  of 
the  thin  film  loss  conductance  based  on  insertion  loss  measurements. 

The  filter  response,  shown  in  Figure  25  has  6.3  dB  insertion 
loss,  the  bulk  of  which  is  due  to  thin  film  losses,  45  dB  sidelobe  selectivity 
and  approximately  .1  dB  passband  ripple.  This  corresponds  to  a triple  tran- 
sit echo  suppression  of  approximately  -44  dB  as  verified  in  the  impulse 
response  of  Figure  26. 


Figure  25.  Filter  frequency  response  measured  relative  to  a 41  MHz  center 
frequency  and  6.3  dB  Insertion  loss. 
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D.  Conclusions 


I 


The  theory  for  a simple  tuning  network  for  group  type  unidirec- 
tional transducers  which  provide  a 90°  electrical  phase  shift  between 
inphase  and  quadrature  ports,  equal  power  to  both  ports  and  yields  a purely 
real  input  impedance  to  a load  has  been  derived.  The  tuning  network  has 
been  verified  for  an  ID  UDT  and  CW  UDT  used  in  cascade  in  a single  filter 
which  yielded  an  insertion  loss  of  6.3  dB  and  a triple  transit  echo  sup- 
pression of  -44  dB.  This  simple  tuning  scheme  will  make  group  type  uni- 
directional transducers  very  attractive  for  filter  applications  requiring 
low  loss  and  greatly  reduced  triple  transit  echos  which  are  unachieveab le 
using  bidirectional  transducers. 

SECTION  VI 

ANALYSIS  OF  SAW  PROPAGATION  IN  LAYERED  STRUCTURES 
A.  Introduction 

Surface  wave  solutions  in  piezoelectric  crystals  are  usually 
obtained  using  an  iterative  search  procedure  for  the  velocity  such  that 
the  electrical  and  mechanical  boundary  conditions  are  satisfied  fl5]. 

This  procedure  is  rather  difficult  especially  in  layered  structures  where 
boundary  conditions  have  to  be  satisfied  at  several  interfaces  [16]. 

This  chapter  describes  a simple  non-interative  method  of  obtaining 
solutions  for  surface  waves  in  piezoelectric  crystals  using  an  orthonormal 
series  to  express  field  distributions.  This  method  was  applied  earlier  to 
acoustic  waves  in  wedges  [17,  18,  19,  20,  211.  The  advantages  of  this 
method  are: 

(1)  It  is  simple  to  program  and  the  solution  is  non-iterative.  To 
find  the  velocity  and  field  distribution  for  surface  waves  for 
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a given  crystal  orientation  typically  requires  the  d lagona 1 iza ti  on 
of  18  x 18  matrix  which  takes  only  a few  seconds  on  a computer. 


(2)  The  boundary  conditions  are  Incorporated  Into  the  field  equations 
and  automatically  accounted  for.  This  makes  it  convenient  to 
account  for  complex  boundary  conditions  such  as  those  encountered 
in  layered  structures.  Anisotropic  piezoelectric  layers  can  be 
taken  into  account.  Second-order  effects  such  as  mass-loading  are 
accurately  accounted  for  and  exact  field  distributions  are  obtained. 

(31  The  field  distributions  are  obtained  as  linear  combinations  of 
orthonormal  functions  making  it  convenient  to  perform  further 
manipulations  to  obtain  stress  distributions,  power  flow,  mode 
impedance,  etc. 

In  section  B the  method  of  solution  is  described  for  surface  waves 
along  a free  surface  with  an  electrical  open-circuit  boundary  condition. 

The  velocity  and  field  distributions  are  obtained  for  YZ  LiNbO^.  Using 
this  solution  the  power  flow  and  mode  impedance  are  calculated  and  compared 
with  perturbation  theory  results.  The  modifications  required  in  the  formu- 
lation to  account  for  other  kinds  of  electrical  boundary  conditions  are 
then  discussed. 

Section  D describes  a formulation  of  the  technique  for  layered 
structures.  It  is  then  applied  to  obtain  the  surface  wave  dispersion  curves 
for  a YZ  LiTaO^  substrate  with  a SiO^  layer  on  the  surface.  The  results  are 
compared  with  those  published  earlier. 
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H . Surface  Waves  on  a Free  Surface  with  an  Electrical  Open  Circuit 

The  coordinate  axes  are  chosen  so  that  the  x^  axis  is  in 

the  direction  of  propagation  and  the  x^-axis  is  perpendicular  to  the  surface 
(Figure  27).  The  wave  is  assumed  uniform  along  the  x^-direction. 


Let  Uj,u.,,u  represent  the  components  of  particle  displacement 
along  respectively  and  0 represent  the  electric  potential.  T 

and  D are  the  stress  and  electrical  displacement. 

The  field  equations  are 


dT  d2u 

ac  a 

dx  P . 2 <42a) 

c at 


(42b) 
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The  indices  a,c  take  on  the  values  1,2,3.  Summation  over  repeated  subscripts 
is  implied  throughout  this  paper.  T and  D are  related  to  the  field  quantities 
u and  $ through  the  constitution  relations 


T 

ac 


^acbd 


+ 

<3x  Ldac 
d 


0(x2) 


(43a) 


where  (1)  the  indices  a,b,c,d  take  on  the  values  1,2,3 

(2)  0 represents  the  unit  step  function 

(3)  C and  e are  the  stiffness  and  piezoelectric  tensors. 


The  unit  step  function  in  equation  (43a)  incorporates  the  stress- 
free  boundary  condition  for  the  free  surface.  When  this  is  substituted  into 
equation  (42a)  it  leads  to  delta  functions,  6(x0)  multiplying  the  normal 
stress  components  thus  ensuring  that  the  normal  stress  is  zero  at  x.;  = 0. 

For  the  present,  an  open-circuit  electrical  boundary  condition 
is  assumed  so  that  the  normal  D-field  is  zero  at  the  surface.  This  is  taken 
into  account  in  a similar  manner  with  a s tep- function 


D 

c 


(e 


cbd 


^b 

f)X  , 


cd 


C 10 

dx_, 


0(k2' 


(43b) 


where  e is  the  permittivity  tensor.  The  0- function  gives  rise  to  a term 
6(x .,)D,(  in  equation  (42b)  thus  ensuring  that  = 0 at  = 0 (24]. 
Methods  for  incorporating  other  electrical  boundary  conditions  are  discussed 
at  the  end  of  this  section. 

Combining  equations  (42)  and  (43)  and  assuming  exp(-iu)t)  time 

dependence 
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pcuu  ” A , u,  + B 0 
r a ab  b a 


(44a) 


0 *=  G^u^  + F0 


(44b) 


where  p ■ mass  density  and  Aa(j,  Ba>  Gb  and  F are  operators  defined  by, 


A . = - C . ,X  , 
ab  acbd  cd 


(45a) 


B » -e . X . 
a dac  cd 


(45b) 


G,  **  e ,X  . 
b cbd  cd 


(45c) 


F = -€  .X  , 
cd  cd 


(45d) 


xcd  ■ ar  <°<V  t£? 

c d 


(46a) 


Dimensionless  coordinates  are  introduced  for  convenience 


q = k • x a = 1,2,3 

'a  a 


where  k is  the  magnitude  of  the  wave-vector  in  the  direction.  The  oper- 


ator X^j  (equation  (46a))  is  written  as 


*cd  ■ "2  wc  fe<,2)  Qc- 


(46b) 


The  field  quantities  are  expanded  in  a series  of  orthonormal  functions  in  q0 : 
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® lq 

s p!  l“(qo)>  e 


(47a) 


oo  lq 

0 = E r |m(q9)>  e 


(47b) 


where 


m(q2)>  = e Pm^q2^m' 


and  represents  the  m Laquerre  polynomial.  The  functions  |m)  form  a 
complete  orthonormal  set  over  (0,oo)  and  are  thus  suitable  for  expressing  dis- 
tributions in  a half-space.  In  practice,  the  infinite  summations  in  equations 
(47a)  and  (47b)  are  truncated  at  some  number  N.  N=5  is  usually  adequate. 
The  presence  of  the  exponential  factor  is  particularly  convenient  for  the 
decaying  field  distributions  encountered  in  surface  waves.  Only  a few  terms 
in  the  infinite  series  are  required  and  the  solution  converges  rapidly. 

Using  equations  (47a)  and  (47b)  in  equations  (44a)  and  (44b), 

I V* 

multiplying  by  | j ) and  integrating  over  q_  from  0 to  <», 


cu  a „a  b b a 
p — T P.  = P.  P + Q.  r 
K2  J J m rm  m m 


0 = R.  b pb  + S . r 
j m Mn  j m m 


(48a) 


(48b) 


where 


P = - C , , M , ( j ,m) 
jm  acbd  cd  J 


(49a) 


^m  = - Gdac  Mcd(j’m) 


(49b) 


The  field  distributions  are  obtained  as  linear  combinations  of 


mm  ° 

Figure  28,  u^ , u2  and  <f>  are  shown  as  a function  of  depth;  u3  is  identically 
zero. 

The  stress  and  electric  displacement  are  obtained  by  using  equa- 
tions (43a)  and  (43b). 


N 

T = £ K[C 


5 b 


P» 


aC  m=0  acbd  9qd  m daC  dq 


D = = Kfe^  -jL  pb|m)  - « 9 


m 


lm>] 


C m=0  '"Cbd  Bqd  m'“'/  "Cd  dqd  ‘m 


rJm>l 


(51a) 


(51b) 


The  power  flow  per  unit  area  in  the  x^-direction  is  written  as 


P1  - r Iu:  • Tai + K1  (52) 

Using  the  expressions  for  u,  0,  T and  D in  equation  (52)  and  integrating 
over  x^  from  0 to  ® 


where 


P,  = P.,  + P,„,  + P„ 
1 M ME  E 


PM  ‘ - r 'C.cbd  »r  p« 


r l(ed.c  + 'cad’  prr»<1  laqT,”>1 


a* 


ME 
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(53a) 


(53b) 
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Distance  in  Wavelengths  (along  *2) 


Distance  m Wavelengths  (along  x2) 


Figure  28.  Plot  of  field  distributions  with  depth. 

a)  (compressional  displacement)  and  U (shear  displacement) 

b)  0 (electric  potential). 


The  indices  a,b,cld  are  summed  over  1,2,3  while  indices  j,m  are  summed  from 


0 to  N,  P is  the  mechanical  power,  P^.  is  the  electromechanical  power  and 


P is  the  electrical  power 


Knowing  the  coefficients  p and  r,  P , P and  P are  calculated 


from  equations  (53a),  (53b),  and  (53c) 


sur 


face  wave  in  YZ  LiNbO-  giving 


The  mode  impedance  Z 


is  obtained 


This  agrees  well  with  the  value  computed  from  perturbation  theory 


C.  Surface  Waves  on  Conductive  Surfaces 


In  the  last  section,  a step  function  was  used  in  the  constitutive 
relation  (equation  (43b))  to  ensure  that  D2=0  at  the  surface.  Other  elec- 
trical boundary  conditions  can  be  incorporated  in  a similar  manner. 

A common  boundary  condition  is  the  short  circuit  case  where  the 
tangential  electrical  field  E ^ is  zero  at  the  surface.  This  is  incorporated 
by  adding  a term  6(X2)E^  to  the  field  equations.  The  matrix  elements  are 
easily  evaluated  using  the  relations  in  the  Appendix.  Another  approach  is 
to  expand  the  electric  potential  as 


N iqx 

$ = E r q„  m>  e 
m=0  m 2 


This  ensures  that  # is  zero  at  q2*0.  The  matrix  elements  are  obtained  easily 
by  noting  that 


q„|m)  = - (m+1)  • |m+l)  + (2m+l)  |m)  - m|m-l) 


Using  either  method  the  velocity  and  field  distributions  are  obtained  for  a 
shorted  surface  which  agrees  well  with  published  results. 

We  believe  that  finite  conductivity  films  can  also  be  taken  into 
account  similarly;  however,  the  details  have  not  been  worked  out. 
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D.  Surface  Waves  In  Layered  Structures 

In  this  section  the  problem  is  discussed  for  a single  layer  of 
thickness  h with  material  constants  p',  C',  e'  and  e'  over  a substrate  with 
constants  p,  C,  e and  e (Figure  29).  An  electrical  open  circuit  is  assumed 
at  the  surface 


X2 


Xj  (Propagation 
Direction) 


KP-1292 


\ 

Figure  29.  Layered  structure  with  S1C>2  over  LiTaO^ . 


as 


The  layer  is  taken  into  account  by  writing  the  stiffness  coefficient 


C0(q2-kh)  +C'(e(q2)  - 0(q2-kh)) 

in  the  constitutive  relation,  e and  e are  also  written  similarly.  The  mass- 
density  is  written  similarly  in  the  field  equation. 

With  these  modifications  equations  (48a)  and  (48b)  become 
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2 2 
ou  /.  i ..  ..vt.v  a .to 


(P-P1)  ~2  0 1 ©fq2_kh) l1^  pf  + P*  ^2 
k k 


ab  b a 

P.  P + Q.  r 
jm  m \}m  m 


b b 

0 = R.  P + S.  r 
jm  m jm  m 


where 


Pjm  ' Cacbd  Mcd  " (Cacbd  ' Cacbd)  Hcd 


Q.  - e'  M , - (e,  - e,  ) H . 

jm  dac  cd  dac  dac7  cd 


R.  « e'  M . + (e  , . - e'  ) H . 
jm  cbd  cd  cbd  cbd'  cd 


S.  ■ *'  M . - ( e . - «'  ) H . 
jm  c cd  cd  cd  cd 


and  Hcd  ■ <Jifr  'i<vkh>  fr1"0 

c 


Equation  (55a)  is  rewritten  as 


P'  7 pj  = [Pjm  - (p-P'>  72  <j ! ©Cq2-kh> |m>}  P°  + Qjm  rm  (55c) 


,ab 


(55a) 


(55b) 


Equations  (55b)  and  (55c)  are  now  solved  in  a manner  similar  to  Section 

o o 

VI-B . The  only  difference  is  the  presence  of  a term  containing  to  /k  on  the 
right  hand  side.  A simple  iteration  is  required  to  converge  on  the  correct 
velocity. 

This  method  was  applied  to  an  SiC^  layer  on  a LiTaO^  substrate. 

The  result  is  shown  in  Figure  30  and  compared  against  results  published 
earlier  [26] . 
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E.  Conclusions 


I 


A simple,  non-iterative  method  using  an  orthonormal  basis  for 
expressing  field  distributions  has  been  developed  for  obtaining  surface 
wave  solutions  in  piezoelectric  crystals.  Velocity  and  field  distributions 
are  obtained  for  YZ  LiNbO^  that  agree  with  earlier  works.  The  boundary 
conditions  are  incorporated  in  a manner  that  is  easily  adapted  to  layered 
structures.  Dispersion  curves  are  obtained  for  surface  waves  in  LiTaO^ 
with  a SiO^  layer  at  the  surface;  the  results  are  in  good  agreement  with 
those  published  earlier. 

SECTION  VII 

SCATTERING  MODEL  FOR  ELECTRICALLY  COUPLED  PERIODIC  METAL  STRIPS 
A.  Introduction 

The  lower  electrodes  of  the  capacity  weight  transducer  is  essen- 
tially a multistrip  coupler  (MSC)  with  strips  connected  by  small  capacitors 
to  the  buss  bars.  The  MSC  is  usually  analyzed  using  the  Mason  model  [27] 
or  in  terms  of  the  normal  modes  of  the  coupler  [28,  29,  30,  31]  but  neither 
approach  is  conveniently  expanded  to  account  for  the  coupling  capacitors. 

This  chapter  describes  a simple  physical  model  that  views  the  coupling  as 
a process  of  regeneration  by  each  strip  in  succession.  Each  strip  of  the 
MSC  samples  the  potential  of  the  incoming  acoustic  wave  and  applies  it  to 
all  the  tracks  giving  rise  to  regenerated  waves  whose  amplitudes  are  calcu- 
lated from  a simple  IDT  equivalent  circuit  [32].  This  yields  the  transmis- 
sion matrix  of  a single  strip  relating  the  output  and  input  wave  amplitudes 
in  different  tracks.  The  overall  characteristics  of  the  coupler  are  obtained 
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by  cascading  the  transmission  matrices  of  successive  strips. 

The  advantages  of  this  approach  are: 


(1)  The  analysis  is  on  a strip  by  strip  basis.  This  makes  it  possible 
to  obtain  numerical  solutions  for  non-periodic  couplers  with  slowly 


varying  pitch,  electrode  length  or  metallisation  ratio. 

(2)  The  model  is  based  on  the  well-known  IDT  equivalent  circuit  lending 
additional  physical  insight.  The  effects  of  external  load,  strip 
resistance  losses,  negative  resistance  (as  in  strip-coupled  ampli- 
fiers) and  coupling  capacitors  are  easily  incorporated  into  the 
circuit  model. 

(3)  The  entire  complexity  of  field  theory  is  limited  to  the  determination 
of  the  elements  of  the  equivalent  circuit.  This  makes  it  straight- 
forward to  analyze  multitrack  couplers  with  different  acoustic  modes, 
since  each  mode  is  represented  simply  by  the  associated  radiation 
conductance. 

In  Section  B,  the  single  strip  transmission  matrix  is  defined  and 
evaluated  in  terms  of  circuit  elements.  In  Section  C analytical  solutions 
are  obtained  for  some  common  periodic  couplers  using  this  approach.  Numerical 
solution  for  a non-periodic  strip-coupled  UDT  is  obtained  in  Section  D which 
is  in  agreement  with  previous  experimental  results  [31]. 


B.  Theoretical  Formulition 


! 


1.  Transmission  Matrix 

Since  the  MSC  (Figure  31)  is  a linear  system  the  amplitudes  of 
the  incoming  and  outgoing  acoustic  waves  in  different  tracks  of  a single 
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Figure  31.  A multistrip  coupler  with  M tracks. 


strip  (Figure  32)  are  related  by  a transmission  matrix  b*1  (for  the  n^1 

L K 

strip) : 


= T. 

k 


. n n 
bik  Bk 


(56a) 


KP-13M 
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Figure  32.  Incoming  and  outgoing  waves  in  M tracks  of  the  nttl  strip. 

where  b£  « amplitude  of  acoustic  wave  incident  on  the  nth  strip  in 
track  k. 

Aj  10  amplitude  of  acoustic  wave  emerging  from  the  nth  strip  in 
track  i. 


Backward  waves  are  neglected  in  this  formulation  so  that  it  is  valid  only 
outside  the  stop  band.  B^  is  related  to  by  a simple  phase  factor: 


n -j6  n- 1 
Bj^  * e i 


(561 


where,  0^  * k^p^ 


k^  " wave  vector  in  track  i 


p.  - distance  between  the  (n-l)th  and  nth  strips  in  track  i 


Combining  (56a)  and  (56b), 


.n  _ n .n-1 

\ ' l aik  \ 


(57a) 


where , 


n , n -10, 
aik  • bik  e k 


In  matrix  form, 


{An}  « [a11]  {An_1) 


(57b) 


It  follows  that, 


{AN}  = [aN]  [aN  *]  - - - [a ^ ] [a^]  (for  N strips) 


[a ]N  {A°} 


(57c) 


if  the  strips  are  uniform  so  that  [aN]  = [aN~*]  = - - - [a1]  = [a].  Equation 
(57a)  is  a set  of  difference  equations  that  can  be  solved  to  yield  analytical 
solutions  for  {A^}.  Equation  (57c)  is  used  for  a numerical  evaluation  of 
Can]  with  a given  set  of  initial  amplitudes  {Aq}. 


2.  Evaluation  of  Matrix  Elements 

The  matrix  elements  a^k  will  now  be  related  to  IDT  circuit  elements. 

Each  track  of  a single  strip  has  an  equivalent  circuit  with  the  radiation 

*.1 

conductance  Gm  in  parallel  with  the  capacitance  C (for  the  m track). 

Since  all  tracks  in  a strip  have  the  same  voltage,  the  equivalent  circuit 
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for  different  tracks  are  connected  In  parallel  (Figure  33).  y represent 

L 

any  external  load  connected  to  the  strip. 


0>i 


Gi  yCiQX  fc2  -rC2  (f)lM  |gm  ==CmMyl 


Figure  33.  Equivalent  circuit  for  one  strip  with  M tracks.  ¥ is  an 
external  load  (strip  resistance  neglected).  L 


The  current  generator  1^  is  defined  as  the  current  generated  in 
the  strip  when  excited  by  an  incoming  acoustic  wave  in  the  mth  track  with 
the  strips  shorted  together.  This  current  is  proportional  to  the  radiation 
conductance  of  the  mth  track.  The  effective  amplitude  of  the  acoustic  wave 
Am  is  defined  as  the  ratio  of  the  short  circuit  current  to  the  radiation 
conduc tance: 


Am 


I / G 


m m 


The  power  in  the  wave  P is, 

m 


(58a) 
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P - A G /2 
m mm 


(58b) 


From  equation  (57a)  it  follows  that  a^  Is  the  emerging  wave  in 
the  ith  track  when  only  the  kth  track  is  excited.  The  emergent  wave  is  the 
superposition  of  the  incident  wave  and  the  regenerated  wave.  The  regenerated 
wave  in  the  ith  track  is  proportional  to  the  current  through  Gj^  in  Figure 
33.  It  follows  that  [20]  , 


..  wk,  -j6. 

aik ' (4ik  - "r> e k 


whe  re , 


Y = Y,  + jiuC  + G 
L 


C = E C (for  M tracks) 

i m 

m=l 


G - I G 


1 , i - k 

6 = 

tlc  0 , i k 

(The  superscript  n indicating  the  strip  number  is  dropped  for  convenience.) 


The  term  8^  represents  the  contribution  from  the  incident  wave 
while  the  second  term  is  the  forward  regenerated  wave.  The  factor  of  2 in 
the  regenerated  wave  arises  because  outside  the  stopband  the  backward  waves 
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cancel  providing  a unidirectional  regenerated  wave  in  the  forward  direction. 
It  is  easily  seen  that  power  is  conserved  in  this  evaluation  of  scattering 
parameters. 

Equations  (57)  and  (59)  provide  a complete  description  of 
the  MSC  in  terms  of  circuit  elements.  This  model  may  be  used  for  different 
acoustic  modes  once  the  associated  radiation  conductance  is  evaluated.  We 
will  now  specialize  to  surface  wave  tracks,  and  in  the  next  section  it  will 
be  shown  that  the  solution  of  equation  (57a)  yields  results  in  agreement 
with  those  derived  earlier.  " . 

\ 

By  a superposition  of  solutions  it  may  be  shown  that  the  appro- 
priate G and  C (for  a single  strip  with  end  effects  neglected)  are  those 
mm 

of  an  array  of  strips  in  which  all  strips  other  than  the  one  in  consideration 
are  grounded.  The  conductance  and  capacitance  of  such  a structure  are  the 
same  as  those  of  a single  electrode  in  an  IDT  array. 

Thus,  for  surface  wave  tracks  we  obtain  from  equation  13  of 
Reference  33, 

G v2 

_ m _ K sin  ns 

y ~ wcm~  2 P_g  (cos  A)  P_s  (-cos  A)  <60) 

where, 

s * p/X 
A = a/p 


K is  the  electromechanical  coupling  coefficient 
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Figure  34.  Ratio  of  single  strip  conductance  to  capacitance  (normalised  to 
the  coupling  coefficient)  as  a function  of  strip  period  with 
the  metallization  ratio  as  a parameter. 


The  capacitance  is  given  by. 


P (cos  A) 

C *•  L ( t + «)  sin  ns  "s  . r-r- 

m m o p'  P (-cos  A) 


-s 


where 


th 


L - width  of  m track 
m 


and 


■ substrate  permittivity 


Figure  34  gives  a plot  of  -5 — (equation  (60))  as  a function 

K /2 

of  s with  A as  a parameter. 


3.  Strip  Resistance  Losses 

The  effect  of  strip  resistance  is  included  in  this  formulation  by 
including  series  resistance  elements  in  the  equivalent  circuit  (Figure  33) 


as  shown  in  Figure  35. 


R represents  the  resistance  along  a strip 

m,m+l 


from  the  center  of  the  track  to  the  center  of  (m+l)^  track. 


m,m+l 


^nH-1 

2 ''a  a 

m m+1 


where, 


f is  the  width  of  the  m track 
m 


a is  the  strip  width  in  the  m track 
m 


is  the  sheet  resistance  of  the  strip 


This  model  for  strip  resistance  is  discussed  in  Reference  31. 


The  coefficients  a.,  of  the  transmission  matrix  are  obtained  from 
lk 


the  equivalent  circuit  of  Figure  35  by  solving  for  the  node  voltages 


Vl V„  in  terms  of  the  current  generators. 

M 


vi  " Vk 


Z (from  equation  (58a)) 


where  (a  function  of  the  resistances  R,  the  conductances,  G,  and  the 


capacitances,  C)  is  obtained  from  the  node  equations.  The  regenerated  wave 


in  the  i track  is  proportional  to  V so  that  the  transmission  matrix  is 


"1 


(63) 


ik 
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ik 


QikV 


e-J0i 


It  is  difficult  to  obtain  a general  analytic  expression  for  Qlfe; 
however,  a straightforward  numerical  calculation  is  required  to  evaluate  it 
for  a given  problem. 

4.  Normal  Modes  of  the  Coupler 

The  normal  modes  of  the  coupler  are  easily  determined  from  the 
present  model.  A normal  mode  retains  its  shape  as  it  is  transmitted  through 
the  coupler.  Thus  the  eigenvectors  of  the  transmission  matrix  [a]  provide 
the  normal  mode  distributions  and  the  eigenvalues  represent  the  corresponding 
propagation  constants. 

This  method  makes  it  straightforward  to  obtain  the  normal  modes 
of  a coupler  with  many  tracks  involving  different  acoustic  modes.  For  non- 
periodic couplers,  the  overall  transmission  matrix  is  obtained  by  cascading 
the  transmission  matrices  of  individual  strips.  The  normal  modes  are  then 
described  by  the  eigenvalues  and  eigenvectors  of  the  overall  transmission 
matrix. 
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C.  Special  Cases  with  Analytical  Solutions 

In  this  section  analytical  solutions  are  obtained  by  solving  equa- 
tion (57a)  for  certain  special  cases  and  shown  to  agree  with  the  standard 
results . 


1.  Two  Track  Surface  Wave  Coupler 

For  two  tracks  only,  equation  (57a)  yields  a set  of  two  differ- 


ence equations : 


An  n .n-1  n .n-1 

A1  * 11  A1  12  A2 


An  n .n-1  n ,n-l 
A2  " a21  A1  + a22  A2 


(64a) 


(64b) 


where  a^,  a"2>  a^,  a”2  are  given  by  equation  (59)  for  the  nt  strip. 
Assuming  an  incident  wave  of  unit  amplitude  in  track  1 only  (A^  = 1,  A^  = 0), 
the  solution  to  equation  (64)  is  obtained  as. 


„ <q-a22)  + rN  («22-t) 

A1 IT' 


(65a) 


„ N N 

an  = a . 3 ,:J_ 

A2  21  q-r 


where  q and  r are  given  by, 


q + r = an  + a22 


qr  “ alla22  " al2a21 


(65b) 


(66a) 


(66b) 


The  strips  are  assumed  uniform  so  that  the  superscript  n on  the  a 's  has 


been  dropped. 
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Equations  (65a)  and  (65b)  are  rewritten  as. 


N 2e*2Y  + (2of1v-©)eJN(2Y_Cp) 

4 " 27T~“ 


aN  . _2a  y li«JW(2Y"q°  e-JN8 
A2  ^1Y  2y  - cp  6 


(67a) 


(67b) 


where 


i G 


Y " aSc 


CP  = k(Px  - P2) 


0 = k(px  + p2) 


Two  assumptions  are  made  in  the  derivation  - that  y « 1 and  cp  « 1.  The 

external  load  Y is  assumed  zero. 

L 

Using  equations  (67a)  and  (67b)  solutions  for  specific  cases 
are  obtained  and  compared  with  earlier  results. 


a.  Identical  Tracks 

In  this  case,  cp  - 0 and  * or2  ■ .5.  Thus,  equations  (67a) 
and  (67b)  reduce  to. 


A»-  1 .-1M 


I u-.12*']  e-)He 


Mil 

ll 


N N 

Complete  power  transfer  is  obtained  when  A^  = 0 and  A2  = 1 . The  number  of 
strips  required  is  given  by. 


N = — 

2y 


This  agrees  with  the  result  in  Reference  28. 


b.  Unequal  Tracks  with  Identical  Periods 


Here  cp  = 0 but  ck^  # a^.  The  solutions  are  written  as. 


a"  - (a2+«1.J2%  e-J"6 


.N  j2bTY.  -jN0 

A2  = ' 1 (1‘e  > e 


In  this  case  complete  transfer  is  not  possible.  The  minimum  value  of  A^  is 

N 

-o^  and  the  corresponding  value  of  A2  is  - 2ar^.  The  maximum  fractional 
power  transferred  is  given  by, 


■t  ■ 1 - 


hi  l 
12 

d^i2y 


where  l and  l^  are  the  widths  of  the  tracks.  This  agrees  with  Reference 


c.  Unequal  Tracks  with  Different  Periods 

From  equation  (87a)  it  is  apparent  that  complete  power  transfer 
is  possible  if. 
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2ou^  **  20^  - «p 


f 


i.e.,  cp  « 2(e»1-o2)V 


This  yields, 


ll  _ *2  + £1  (1~0 

?2  " *1  + X2  <H£> 


where  P = J (Px  + P2> • 

This  agrees  with  the  result  in  Reference  28. 


2.  Strip  Coupled  Surface  Wave  Amplifier 

Reference  30  describes  a surface  wave  amplifier  with  the  surface 
wave  cpupled  to  a semiconductor  with  drifting  carriers  by  an  MSC.  This  system 
is  treated  in  the  present  formulation  as  a single  track  coupler  with  an 
external  load  Y_ . When  the  carrier  drift  velocity  exceeds  the  acoustic 

Li 

wave  velocity,  Re(YL)  is  negative  providing  amplification. 


yield , 


Since  the  coupler  has  only  one  track,  equations  (57c)  and  (59b) 


.N  2G.N  -jN6  .0 

V = (1-rr-)  e • A 


where,  Y * (G+Gg)  + j(u(C+Cg) 


G and  C being  the  conductance  and  capacitance  of  the 

w b 

semiconductor  as  seen  from  the  strip. 


The  gain  in  dB  is  then  given  by, 
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Gain  - -8.68  N 


2 2 

» (c+cs) 


where  the  assumption  that  (G+G  )/u>(C+Cc)  « 1 has  been  made. 

S 

Using  the  G and  C as  derived  In  Reference  30  and  G and  C as 

W b 

defined  In  this  chapter,  equation  (68)  Is  shown  to  be  equivalent  to 
equation  (61)  of  Reference  30. 


3.  Normal  Modes  of  the  Two  Track  Coupler 

It  is  well-known  that  a coupler  with  two  Identical  tracks  has 
symmetric  and  antisymmetric  modes  which  have  a phase-shift  with  respect  to 
each  other.  This  also  follows  simply  from  the  discussion  of  Section  B-3. 

A coupler  with  two  identical  tracks  has  the  transmission  matrix 


i - ° 


i - £ 


The  eigenvectors  of  fa]  are  jjj-  and  | ^ j with  eigenvalues  e*"^  and  1 where 
\ =>  G/uC  « 1.  Thus  the  normal  modes  are  symmetric  and  antisymmetric  with 
respect  to  the  center  and  have  a relative  phase  shift  of  2Y  per  section. 

The  number  of  strips  needed  for  complete  power  transfer  from  one 
track  to  another  is  thus  given  by, 


Nt  - tt/2y 


in  agreement  with  the  result  In  the  previous  section. 
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4.  Strip  Res  is tance  Losses  for  Two  Track  Coupler 

The  attenuation  coefficient  due  to  atrip  resistance  in  a coupler 
with  two  Identical  tracks  has  been  calculated  in  Reference  J7.  The  same 
result  follows  from  the  equivalent  circuit  (Figure  35^  using  the  formu- 
lation of  Section  B-4. 

For  a two-track  coupler  a simple  analysis  of  the  equivalent  circuit 


yields 


2G. 


‘11 


1 - 


R + — 
2 


I i 

R + — + — 

Y1  *2 


-2C, 


Y, 


12  Y.. 


R + “ + ~ — 
1 Y2 


■2G„ 


Y., 


21  Y, 


t— r 


R + Y + y 
‘ 1 2 


2C- 


22 


l - 


R + — 
X1 


— i — r 

R + V + 7" 
Y1  x2 


where  - Gt  + 


R - R 


12 


For  identical  tracks,  the  eigenvalues  for  the  symmetric  and  anti- 
symmetric modes  are  obtained  as  o12^  and  e'Yu£*R.  As  expected,  the  symmetric 
mode  doos  not  suffer  attenuation  while  the  antisymmetric  mode  is  attenuated; 
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mm  "*■«  hi  hhp 


and  the  attenuation  coefficient  per  coupler  length  for  the  antisymmetric 
mode  is, 

or-VuCR  ’ - n2fCR  (701 

This  agrees  with  Reference  27.  (The  factor  of  2 in  Reference  27  is  missing 
here,  because  C refers  to  the  total  capacitance  of  both  tracks. ) 

D.  Numerical  Analysis 

One  of  the  main  advantage?  of  this  strlp-by-strlp  analysis  is  in 
the  modeling  of  non-periodic  couplers  This  requires  a numerical  evaluation 
of  equation  (57c): 

tAN}  - [aN]  [a"'1] (a1!  (a°)  (71) 

For  a given  input  {a^},  the  output  [aN]  after  N strips  are  evaluated  numeri- 
cally by  straightforward  matrix  multiplication.  Various  periodic  couplers 
have  been  analyzed  using  this  approach  yielding  results  in  agreement  with 
Reference  31. 

The  UDT  structure  in  Figure  36  is  an  example  of  a non-uniform  coupler 
[31]  that  is  modeled  in  a straightforward  manner  using  the  present  approach.  The 
semi-circular  portion  provides  a capacitive  loading  that  varies  from  strip  to 
strip.  It  also  generates  waves  causing  losses. 

In  the  conventional  analysis  the  semi-circular  region  is  approximated 
by  a capacitive  load  that  is  assumed  constant  for  all  the  strips;  and  the 
generation  in  this  region  is  neglected  [31].  This  theory  predicts  an  infinite 
forward  to  reverse  ratio  and  zero  conversion  loss.  In  practice  the  forward 
to  reverse  ratio  of  22  dB  and  a loss  of  2.5  dB  (Figure  37)  was  reported  in 
Reference  31. 

Using  the  present  formulation  an  accurate  model  for  this  complex 
structure  is  obtained.  The  semicircular  region  is  divided  into  twenty 
tracks,  each  track  having  a radiation  conductance  determined  from  the 
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coupling  coefficient  in  the  radial  direction.  Also,  the  changing  velocity 
in  different  directions  is  taken  into  account  in  evaluating  (equation 
56b).  The  length  of  the  semicircular  region  and  hence  the  capacitance 


Figure  36.  A strip-coupled  UDT. 


and  conductance  Increase  for  the  outer  strips.  This  is  accounted  for  in  the 
evaluation  of  (an)  in  equation  (71). 

Using  this  model  the  reverse  to  forward  ratio  is  obtained  as  shown 
in  Figure  37.  This  is  seen  to  be  in  close  agreement  with  the  experimental 


result.  The  analysis  shows  that  1 dB  of  the  2.5  dB  measured  loss  is  attributed 
to  SAWs  generated  in  the  semicircular  region. 


Frequency  (MHz)  kp-1373 

Figure  37.  Reverse  to  forward  ratio  versus  frequency  for  a strip  coupled  UDT. 

The  exact  value  of  the  loss  and  minimum  rcverse-to-forward  ratio 
are  found  to  be  quite  sensitive  to  the  wave  velocities  in  the  various  tracks. 
This  makes  it  difficult  to  design  the  structure  without  empirical  adjustments; 
this  has  also  been  observed  experimentally. 

This  analysis  shows  the  feasibility  of  using  the  present  approach 
in  the  treatment  of  very  complicated  coupler  structures  that  are  not  amenable 
to  analysis  by  conventional  techniques. 
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E.  Conclusions 

A strip  by  strip  analysis  of  multistrip  couplers  is  formulated 
using  the  well-known  equivalent  circuit  for  an  interdigital  transducer.  The 
approach  is  shown  to  yield  the  correct  results  for  some  comnon  coupler  con- 
figurations. The  strip-coupled  amplifier  and  the  effect  of  strip-resistance 
on  coupler  performance  are  analyzed  as  simple  extensions  of  the  same  model. 
This  approach  makes  it  straightforward  to  analyze  non-uniform  couplers  that 
are  not  amenable  to  analysis  by  usual  techniques.  A strip-coupled  UDT  is 
analyzed  to  yield  results  in  agreement  with  experimental  results  which  have 
not  been  explained  by  previous  theories.  This  theory  is  directly  applicable 
to  the  analysis  capacity  weighted  electrodes  operating  in  uniform  beams. 
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SECTION  VIII 

HARMONIC  ANALYSIS  OF  SAW  TRANDUCERS 

A.  Introduction 

An  experimental  analysis  technique  has  been  devised  which  produces 
the  time  domain  excitation  function  of  an  isolated  IDT.  The  time  domain 
excitation  function  is  defined  as  the  instantaneous  surface  acoustic  wave 
amplitude  displacement  distribution  resulting  from  a voltage  impulse  applied 
to  the  transducer.  Works  of  Engan  [34],  Hartmann  and  Secrest  [35],  Smith 
and  Pedler  [6],  Bahr  and  Lee  [36],  and  Szabo  et  al.  [37]  have  presented 
theoretical  descriptions  of  the  SAW  electric  fields  produced  by  the  IDT. 

This  chapter  describes  a technique  for  measuring  the  SAW  amplitudes 
produced  by  these  driving  source  fields.  The  time  domain  excitation  function 
is  found  by  measuring  the  transducer  frequency  domain  voltage  transfer  ratio 
in  a low  Impedance  system  and  transforming  it  to  produce  the  time  domain 
SAW  amplitude  distribution  resulting  from  the  driving  source  fields. 


B . Sampled  Time  Domain  Calculations 

The  frequency  domain  transfer  ratio  is  measured  for  the  distinct 
purpose  of  being  transformed  to  the  time  domain.  The  frequencies  at  which 
the  transfer  functions  are  measured  must  be  sufficiently  close  together  to 
account  for  the  longest  time  delay  component  in  the  impulse  response.  The 
sampling  theorem  assures  that  no  errors  arise  in  the  transform  if  the  fre- 
quency measurements  ar  taken  at  a spacing  of 


Af  < 

- T 


where  T is  maximum  time  range  of  the  impulse  response  (Figure  381 . 
max 


(b)  2 
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Figure  38.  Time  frequency  relationship 

a)  Frequency  domain  sampling 

b)  Time  domain  sampling,  in- 
creased time  resolution 


92 


The  digital  Fourier  transform  Is  circular  and 


^^calc  * h(t+T  *i) 

i«l  max  act 


-T 


(73) 


where 


max  , . , max 
2 — c — 2 


produces  an  overlay  of  all  time  where  h(Ocaic  is  the  calculated  impulse 

response  and  h(t)ftct  is  the  actual  Impulse  response.  If  is  chosen 

greater  than  the  longest  actual  time  delay  component,  h(t)  . uniquely 

Cd  ic 

describes  the  entire  impulse  response  without  time  domain  aliasing. 

The  maximum  frequency  measured  (F  x)  establishes  the  separation 
between  the  samples  (At). 


At  - 1/F 

max 


(74) 


The  total  number  of  required  measurement  points  is: 


T 

max 

At 


JS**  - T . F 
Af  max  max 


(75) 


C.  Segregation  of  Time  Limited  Responses 

SAW  delay  line  impulse  responses  like  that  shown  in  Figure  39a 
are  made  up  of  multiple  time-limited  signals  that  occupy  individual  non- 
overlying time  regions.  The  direct  RF  coupling  [h  ( t ) ] and  the  delay  line 

RF 

impulse  response,  [h  (t)]  make  up  the  complete  transform  of  the  measured 

X K 

transfer  function  H(m)  shown  in  Figure  39b. 


H(uO  - *I>RF<0  + hIR<c>J 


(76) 


The  complete  delay  line  impulse  response  is  calculated  by  taking  the  inverse 
transform  of  the  measured  frequency  response.  The  SAW  impulse  response  is 


Figure  39.  Segregation  of  time  limited  responses 

a)  Original  tine  domain 

b)  Original  frequency  domain 

c)  SAW  time  components 

d)  SAW  frequency  response 


segregated  by  suppressing  all  time  regions  of  the  impulse  response  except 
for  the  transducer  direct  impulse  response  (Figure  39c).  Transforming 


back  to  the  frequency  domain  produces  the  isolated  SAW  mode  transfer  function 
shown  In  Figure  39d.  The  number  (N')  of  points  used  in  this  calculation 
is  reduced  to 


N'  - F • T’ 

max  max 


(77) 


where  F defines  the  original  frequency  range  and  T'  is  the  time  duration 
max  max 

of  the  non-suppressed  impulse  response. 

Surface  acoustic  wave  devices  consist  of  two  transducers  operating 
in  cascade  (Figure  40).  If  the  propagation  is  non-dispersive  and  diffrac- 
tion free  the  transfer  functions  of  individual  transducers  multipled  together 
produce  the  delay  line  transfer  function 

H(u>)  * H^ie)  • H2(u>)  • e u (78) 


where  H^(u>)  is  the  transfer  function  of  the  input  transducer,  H,(u>)  is  the 
transfer  function  of  the  output  transducer,  and  is  the  time  delay.  The 
delay  is  removed  by  taking  the  phase  slope  out  of  the  measured  frequency 
data. 


Figure  40.  Transfer  function  representation  of  SAW  device. 
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The  response  of  transducer  #2  may  be  written  as: 


h20) 


H(u>) 

Ht(w) 


(79) 


To  solve  equation  (79)  H^(u>)  must  be  known.  In  general  neither  llj(u!)  nor 

is  experimentally  known,  but  for  the  case  where  the  transducers  are 
Identical  and  unapodized,  equation  (79)  reduces  to  the  auto-deconvolution 


H ,(u>)  - v 


to(uj) 


(80) 


In  the  process  of  auto-convolution  the  frequency  phase  function  is  doubled 
and  phase  values  of  n become  2n  * 0 and  therefore  cannot  be  recovered  by  the 
inverse  process  of  auto-deconvolution.  Additional  phase  information  must  be 
added  for  the  auto-deconvolution  to  produce  a unique  single  transducer 
response.  [See  Appendix  A.] 


D.  Experimental  Results 

The  device  selected  for  harmonic  analysis  has  two  15  wavelength 
aperature  six  double  electrode  transducers  separated  by  approximately  100 
wavelengths.  These  aluminum  fingers  are  deposited  on  a 20  mil  thick  LiNbO^ 
substrate  and  have  a stripe  to  space  ratio  .388.  The  back  surface  has  been 
groved  at  45  degrees  to  scatter  deep  bulk  waves. 

The  time  domain  analysis  system  [38,  Appendix  B]  enables  one  to 
accurately  measure  the  effective  tap  weights  and  delays  of  a SAW  filter  in 
a form  compatible  to  computer  analysis.  Along  with  the  first  order  response 
the  tap  weight  and  delay  data  takes  into  account  all  higher  order  transducers 
responses  such  as  regenerations,  reflections,  diffraction  and  bulk  modes. 

The  original  frequency  domain  data  (Figure  41a)  has  a considerable  RF 
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coupling  contribution  (Figure  41b).  The  SAW  mode  Is  isolated  by  the  sup- 
pression of  all  non-SAW  time  components  (Figure  42a). 

Assuming  that  the  processes  of  generation  and  detection  are 
identical,  separation  of  the  two  identical  unapodized  transducer  responses 
is  performed  by  auto-deconvolution  (equation  80).  The  previously  mentioned 
phase  ambiguity  is  removed  by  the  introduction  of  a n phase  shift  where 
anticipate  I from  the  phase  of  a calculated  single  transducer  harmonic 
response.  This  response  is  not  the  transform  of  a theoretical  impulse 
response.  In  that  case  the  magnitude  of  each  harmonic  would  be  equal, 
giving  an  inaccurate  representation.  Rather,  the  frequency  response  used 
for  phase  crossover  determination  is  created  by  the  addition  of  four  sinc(iu) 
functions  centered  at  each  harmonic  and  magnitude  weighted  by  the  experi- 
mental magnitude  [ ^ 1 at  that  harmonic  (Figure  43).  The  phase  of  this 
composite  response  is  subtracted  from  the  phase  of  H(u>)  leaving  the  phase 
function  of  a single  transducer.  Relative  phase  offsets  between  harmonics 
are  adjusted  to  the  theoretical  values  determined  by  Hartmann  and  Secrest 
(Reference  35,  Figure  39).  Further  work  to  resolve  these  phase  ambiguities 
is  required  for  the  general  case  where  the  transducers  are  not  identical 
and  the  relative  weights  of  each  transducer's  harmonic  response  is  not 
individually  known. 

Before  Fourier  transforming,  the  time  resolution  is  expanded  by 
appending  zeroes  to  the  frequency  domain  data.  The  result  is  the  measured 
excitation  function  for  a six  double  electrode  unapodized  IDT  (Figure  44). 

The  impulse  response  of  two  double  electrodes  at  the  center  of  the 
transducer  (Figure  45a, b)  is  compared  with  the  theoretical  time  response 
predicted  by  Hartmann  and  Secrest  (Figure  45b)  and  the  time  response  pre- 
dicted by  Smith  and  Pedler  (Figure  45c).  Both  theoretical  responses  are 


Amplitude  Magnitude  (d B) 


Amplitude  Amplitude 


calculated  from  the  first  four  terms  of  the  Fourier  series  expansion  and 
are  for  a stripe  to  space  ratio  of  .388.  The  predicted  response  of  Smith 


and  Pedler  more  closely  compares  with  this  experimental  data  than  that  of 
Hartmann  and  Secrest. 
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E . Conclusion 

The  excitation  function  of  an  unapodlzed  Interdigital  transducer 
is  determined  by  measuring  the  discrete  impulse  response  taking  into  account 
the  first  seven  harmonics  of  the  frequency  domain.  Using  a time  segregation 
method,  all  non-SAW  time  components  are  suppressed.  A single  transducer  is 
isolated  by  a method  of  auto-deconvolution  which  utilizes  a theoretically 
derived  phase  function.  The  resulting  excitation  function  provides  experi- 
mental insight  into  the  operation  of  IDT  electrodes.  For  the  case  of  two 
identical  six  double  electrode  IDT's  the  comparison  with  the  theory  of  Smith 
and  Pedler  is  striking.  The  basic  analysis  technique  can  be  expanded  to 
non-identical  transducers  and  other  electrode  configurations  once  the  phase 
response  of  one  transducer  is  known. 
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SECTION  IX 


A GENERALIZED  TRANSDUCER  MODEL 

A.  Introduction 

An  important  problem  in  surface  wave  technology  is  to  determine 
the  response  of  an  interdigital  transducer  at  fundamental  and  harmonic 
frequencies  taking  the  effects  of  neighboring  electrodes  into  account. 

The  Impulse  response  model  assumes  the  electrodes  to  be  point  sources  and 
provides  the  "array  factor"  by  a simple  Fourier  transformation  of  the  tap 
weights.  This  model  is  simple  and  useful  but  does  not  account  for  inter- 
actions with  neighboring  electrodes  and  does  not  provide  information  about 
the  relative  strengths  of  the  harmonics. 

An  accurate  characterization  of  the  transducer  is  obtained  by 
solving  for  the  charge  distribution  under  each  electrode  individually  from 
field  theory  141,42,43,44]  taking  neighboring  electrode  effects  into  account; 
this  charge  is  then  treated  as  a distributed  source  for  the  surface  wave.  A 
significant  step  in  this  direction  is  the  work  of  Smith  and  Pedler  [41] 
where  the  charge  distribution  on  an  electrode  is  tabulated  as  a set  of  poly- 
nomial coefficients  for  all  possible  combinations  of  neighboring  electrode 
voltages  of  0 and  1.  In  the  general  case  when  the  voltages  vary  in  analog 
manner  this  method  is  unwieldy  and  it  is  necessary  to  start  from  field  theory 
for  every  new  voltage  sequence.  The  simplicity  of  the  impulse  response  model 
is  lost  in  this  approach. 

In  a perfectly  periodic  array  the  charge  distribution  on  each 
electrode  is  identical.  The  transducer  response  is  then  written  as  the 
product  of  the  array  factor  from  the  impulse  response  model  and  the  element 
factor  which  is  the  Fourier  transform  of  the  charge  distribution  on  one 

] 

electrode.  In  general,  however,  the  charge  distribution  on  each  electrode 
is  different  because  of  neighboring  electrode  effects  and  a simple  separation 
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of  the  transducer  response  Into  an  element  factor  and  an  array  factor  is 
not  possible. 


) 


This  chapter  shows  that  if  the  strips  have  uniform  width  and 
spacing  throughout  the  array  (without  any  missing  electrodes)  then  the  trans- 

I 

ducer  response  can  be  written  as  a product  of  an  element  factor  and  an  array 
factor  if  the  element  factor  is  suitably  defined.  The  sequence  of  voltages 
on  the  strips  is  completely  arbitrary. 

This  formulation  simplifies  transducer  design  because  the  effect 
of  neighboring  electrodes  on  the  transducer  operation  is  equalized  by  dividing 
the  specified  response  by  the  element  factor  when  determining  the  tap  weights. 

This  yields  a considerable  simplification,  both  conceptual  and 
numerical,  for  transducers  with  electrodes  that  have  arbitrary  voltages  but 
have  uniform  spacing  and  metallization  ratio  without  any  missing  electrodes 
(Figure  4b  ).  This  includes  many  practical  weighting  schemes  6uch  as  with- 
drawal weighting  with  shorted  electrodes,  capacity  weighting  145 j 
and  multiphase  unidirectional  transducers.  Apodized  transducers  with  shorted 
dummy  electrodes  are  divided  up  into  channels  and  treated  as  a number  of  uni- 

j-1 

form  periodic  transducers  connected  in  parallel,  each  channel  having  a dif- 
ferent voltage  sequence.  This  approach,  however,  neglects  the  effect  of 
the  breaks  in  the  fingers  and  the  consequent  transverse  end  effects. 

In  Section  B,  the  capacitance  and  radiation  conductance  of  different 
types  of  transducers  are  related  to  the  "tap  weights",  providing  an  extension 
of  the  impulse  response  model  that  is  valid  at  the  harmonics  and  takes  neigh- 

' 

boring  electrode  effects  into  account.  In  Section  C,  the  theory  is  applied 
to  some  special  cases  and  shown  to  agree  with  published  results. 


t'i 


B . Theory 

A periodic  array  of  electrodes  (Figure  46  ) is  considered  with  a 
constant  metallization  ratio  T|  «■  a/p,  a fixed  period  p and  an  arbitrary 
sequence  of  voltages.  In  a direct  coupled  transducer  the  strips  are  con- 
nected directly  to  either  of  two  busbars  while  in  the  capacity-coupled 
transducer  each  electrode  is  connected  through  a capacitive  voltage  divider. 

An  apodized  transducer  is  conceptually  divided  up  into  channels  and  considered 
as  a number  of  direct  coupled  unapodized  transducers  connected  electrically 
in  parallel.  It  is  the  purpose  of  this  section  to  develop  a generalized 
expression  for  the  capacitance  and  radiation  conductance  of  the  array  in 
terms  of  the  voltage  connection  sequence  for  each  of  these  different  types 
of  transducers. 


V-3  V_2  V.J  V0  Vj  V2  Vj 


KP-lSZg 


Figure  46.  Periodic  array  transducer 
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I 4b],  This  function  is  characteristic  of  the  array  and  depends  only  on  the 
metallization  ratio  T\;  the  period  p only  scales  the  function.  In  Part  2 
it  is  shown  that  the  charge  distribution  in  the  array  for  any  voltage 
sequence  is  the  convolution  product  of  the  BCDF  and  the  voltage  sequence. 

The  Fourier  transform  of  the  BCDF  thus  plays  the  role  of  an  "element  factor" 
which  is  determined  once  and  for  all  for  different  values  of  T|.  It  is  used 
with  the  impulse  response  model  to  provide  the  complete  transducer  response 
for  any  arbitrary  voltage  sequence.  In  Part  3,  the  charge  distribution  in 
the  array  is  used  to  derive  the  conductance  and  capacitance  for  each  of  the 
three  types  of  transducers  described  above. 

1.  Basic  Charge  Distribution  Function 

A periodic  array  with  a metallization  ratio  T|  is  considered  with 

all  the  strips  erounded  except  for  the  central  one  which  is  at  a potential 

of  IV  (Figure  47a  ).  This  is  defined  as  a single  tap  structure,  because 

the  overall  transducer  transfer  funct  on  is  the  product  of  the  response  of 

this  structure  and  that  determined  by  the  tap  weights  in  the  impulse  response 

mode.  The  charge  distribution  in  the  array  al(x,TD  is  written  as  the  sum  of 

G 

the  charges  under  each  electrode  (Figure  47b) c 


Og(x,Tl) 


E o^(x-np,Tl) 


(81a) 


where  a^(x,Tl)  is  the  charge  distribution  under  the  ntk  electrode  from  the 

center.  c'(x,7])  is  referred  to  as  the  Basic  Charge  Distribution  Function 
G 

(BCDF) . 

The  Fourier  transform  of  equation  ( 80a  ) yields  the  relation 


^(k.TT)  = E a;(k,7D  e'jknp 


(81b) 
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Figure  47.  basic  Charge  Distribution  Function  in  a single  tap  structure. 

where  the  bar  denotes  the  Fourier  transform  of  the  corresponding  spatial 
functions.  The  toial  charge  under  the  n*"*1  electrode  is  given  by, 

Dn(1°  " °n(km0,y°  (8: 

Since  the  total  charge  under  all  the  electrodes  must  be  zero, 


I D*  (T\)  - O'(k-0,T))  - 0 


Also  from  the  symmetry  of  the  array 


D’CH)  - D’n (71)  (82c) 

n -n 

The  quantities  (n^O)  are  interpreted  as  the  charges  on  the  capacitors  C^, 
etc.  between  nearest  neighbors,  next  nearest  neighbors  and  so  on  (Figure 
47c  ).  Since  D^,  are  charges  on  the  negative  electrodes, 

Cn(TD  = C-n(T1)  = = ^n^  (n^°>  (82d) 

and  is  the  sum  of  the  charges  on  all  the  capacitors: 

D' (71)  = E = - E D*  (ID 
n^O  n^O 

This  agrees  with  equation  ( 82b  ).  The  potential  does  not  appear  explicitly 

in  equation  ( 82d  ) since  it  is  assumed  to  be  IV. 

Theoretically  the  summation  in  equation  ( 81b  ) extends  from  -» 

to  +®.  However,  electrodes  beyond  the  next  nearest  neighbor  have  negligible 

effect  [ 41  ].  So  o'1  is  assumed  to  be  zero  for  In]  > 2: 

n 

a'( k,7D  = E ff'(k,7|)  e*jknp  (83) 

n=-2 

The  equations  derived  in  this  chapter  are,  however,  perfectly  general  and 
can  be  extended  to  take  more  terms  in  the  summation  into  account. 

The  functions  o^(k,7|)  are  determined  using  the  appropriate  tables 
in  Referencel41]  . Using  equation  ( 83  ) , a’(k,TD  is  evaluated  for  dif- 
ferent  values  of  the  metallization  ratio  7|.  Dq(71)  , Dj(71)  and  0^(71)  are 

determined  from  equation  ( 82a  ). 


Figure  48  shows  the  normalized  charges  o'  (k,Tl),  D ( T[) , d_  ( T1)  : 

G 1 2 


a'Oc.Tl) 

■ FT(CT>.5) 


O’ 


(84al 


v*  - 


D'n™ 

-7d|(>.5) 


(84bl 


where  kQ  is  the  surface  wave  wavenumber  at  which  the  strip  period  is  half  a 
wavelength.  The  corresponding  frequency  is  called  the  synchronous  frequency 

and  denoted  by  f : 

0 


k0  “ n/p 
v 

f - -2- 

0 2p 

where  vg  is  the  surface  wave  velocity.  DQ  is  obtained  from  Dj  and  D,  using 
equation  ( 82b  ) . 

The  particular  normalization  in  equation  ( 84  ) is  used  because 
it  yields  simple  recognizable  constants  in  the  conductance  and  capacitance 
expressions . 

2.  Charge  Distribution  in  Periodic  Array  with  Arbitrary  Voltages 

A spatially  periodic  array  with  an  arbitrary  sequence  of  voltages 
is  considered  (Figure  49a  ).  The  voltage  sequence  is  described  by  the 
voltage  function  V(x): 


This  can  be  seen  as  follows.  Consider  the  voltage  sequence  shown  in 


Figure  50a  . The  charge  distribution  for  this  sequence  is  V C-lUx,"!)). 

o G 


Similarly  for  the  voltage  sequence  in  Figure  50b  , the  charge  distribution 


is  V.cr' (x-p,  T|) . Now,  for  the  sequence  in  Figure  50c  the  charge  distribu- 
1 G 


tion  is  the  superposition  of  the  two  previous  distributions,  i.e.,  V cr'(x,Tl) 

o G 


+ V.oL (x-p,  1]) . This  is  because  the  field  equations  are  linear  and  super- 
1 G 


position  of  the  two  solutions  satisfies  the  new  boundary  conditions.  Thus 
the  charge  distribution  for  any  arbitrary  sequence  of  voltages  V is  given 


by  I V cr'(x-np,T|)  * V(x)  * a'(x,Tl). 
n n G G 


The  Fourier  transform  of  equation  ( 87b  ) yields, 


Q(k)  = V (k)  • cr^Ck,  TD 


(87b) 


where 


V(k)  = E V e 
n=-<= 


-jknp 


To  obtain  the  charge  on  an  individual  electrode,  equation  ( 57a  ) 
is  written  as, 


Q(x)  = E V 6(x-np)  * E a^x-np,^) 

n=-oo  n=-2 


(88) 


£ * E V c,,(x-np,'n) 

„ n-m  m 
n=-«°  m=-2 


The  summation  over  m runs  only  from  -2  to  +2  because  a is  assumed  zero  for 

m 

|m|  > 2 as  discussed  in  Part  1 of  this  section.  Comparing  equations  ( 88  ) 
and  ( 86  ), 


Q (x)  = E V <j*(x,1D 
n n n-m  m 

m=-2 


(89) 


rff  l 


ii 
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Figure  50,  Charge  distribution  in  a periodic  array  as  a superposition 
of  basic  charge  distribution  functions 


The  total  charge  on  the  n^’  electrode  is  thus  givey  by 


- Qn(k-0) 


2 

E 


.-2 


Vn  D'(71) 
n-m  m 


(90) 


3.  Transducer  Input  Admittances 

The  previous  analysis  has  been  carried  out  for  an  infinite  array 

but  is  valid  for  finite  length  transducers  if  two  grounded  electrodes  are 

added  at  each  end  so  that  the  array  appears  periodic  to  the  active  electrodes. 

The  basic  charge  distribution  function  is  effectively  truncated 

after  the  next  nearest  neighbor  and  no  charge  is  induced  on  elements  farther 

than  two  electrodes  away.  Electrodes  containing  no  charge  may  be  removed 

without  changing  the  response  and  the  number  of  electrodes  used  in  the 

truncated  transducer  structure  is  defined  as  N . 

E 

a.  Direct  Coupled,  Unapodized 

In  direct-coupled  transducers  each  electrode  is  connected  directly 
to  either  of  the  busbars.  The  electrode  voltages  assume  one  of  two  possible 
values  (0  and  VT)  in  any  arbitrary  sequence.  This  includes  withdrawal 
weighted  transducers  with  shorted  electrodes  where  the  withdrawn  electrodes 
are  set  at  zero  potential.  The  tap  weight  function  ar(x)  is  related  to  the 
voltage  function  V(x)  by  the  terminal  voltage 


or(x) 


V(x> 

V.„ 


N. 


E VN 

E fi(x-np) 

n-l  VT 


The  Fourier  transform  of  a(x)  is  denoted  by  of(k) . 


(91a) 
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«(k)  - 


"e  V <k 
E -n  e'Jknp 


n-1  VT 
N_ 


• E a • 

n-1 


-jknp 


(91b) 


The  radiation  conductance  is  proportional  to  the  squared  magnitude 
of  Q(k)  at  the  surface  wave  wavenumber.  From  equation  ( 87b  ), 


C>(£)  - G> 


1 crG  ( k , TD 


. tor 


Gs  * 


(92a) 


where,  (1)  k - 2nf/v 


and 


(2)  v is  the  surface-wave  velocity 

s 

(3)  G is  a constant 

s 


The  constant  Gg  is  shown  to  be  the  synchronous  frequency  radiation  conductance 
per  electrode  pair  of  interdigital  array  with  alternating  polarities  and  with 
T\  - .5: 


G - 8K  f C 
s os 


(92b) 


where,  (1)  K is  the  electromechicanical  coupling  constant 

and 

digital  array  with  alternating  polarities  and  with  1)  - .5. 


(2)  Cg  is  the  capacitance  of  a pair  of  electrodes  in  the  inter- 


cs  - (tp  + «0>  • w 


(92c) 
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where  is  the  effective  substrate  permittivity,  is  the  vacuum  permit- 
tivity and  W is  the  transducer  width. 

In  equation  ( 92a  ),  a?(k) , which  is  the  Fourier  transform  of  the 

tap  weights,  represents  the  array  factor  of  the  impulse  response  model  while 

<?  (k,T))  plays  the  role  of  the  element  factor. 

G 

The  total  positive  charge  on  the  electrodes  is  written  as. 


NE  V 

I — 

v 

n=  1 VT 


(93) 


The  summation  in  equation  ( 93  ) automatically  ignores  the  negative  charges 

on  the  grounded  electrodes.  From  equations  ( 90  ) and  ( 93  ) , the  capaci- 

tance of  the  array  is  obtained: 


c . 2e 

VT 


V • V 


= C • E D (71)  £ — - ■ -n-m 

S m— 2 m n-1  v! 


NE 


- C I D (Tl)  E or  • « 
s 0 m i n n-m 

m=-2  n=l 


(94) 


The  constant  Cg  appears  in  equation  ( 94  ) because  the  D^'s  are 


normalized . 


b.  Direct  Coupled,  Apodized 

In  an  apodized  transducer  with  shorted  dummy  electrodes  the  tap 
weight  of  the  n*1*1  electrode,  ar^  is  defined  as  the  length  of  the  electrode 
connected  to  the  busbar  with  potential  VT>  divided  by  the  width  of  the  trans- 
ducer (Figure  51  ). 
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(95a) 


1 2 


Channels 


'-44-H — 1 


Figure  51.  Apodlzed  transducer  with  shorted  dummy  electrodes 


The  tap  weight  function  of(x)  is  defined  as, 


o(x)  « r a 6(x-np) 
n- 1 


(95b) 


The  apodlzed  transducer  is  divided  up  into  M channels  and  consid- 
ered as  M direct  coupled  transducers  in  parallel.  The  total  beam  is  divided 
into  enough  channels  so  that  each  electrode  ends  at  the  edge  of  a channel. 
Each  channel  has  a different  voltage  sequence  which  is  indicated  by  a super- 
script. Equations  ( 92a  ) and  ( 94  ) are  modified  to  include  the  summation 

over  the  different  channels; 


r+ 


If. 


innii ! !t 


G (f)  ■ G • |o„(k,1\)  | • E 2“  y 

a so  v *•  " 

T 


(96a) 


*Vs 


c = c 


M V1  V1  W. 
E D (ID  E E ~ 

r\  m « • « ••  • W 

m®-2  n»l  t»l 


(96b) 


Equation  (95  ) gives  the  radiation  conductance  of  an  apodized 


transducer.  However,  the  total  power  dissipated  in  does  not  couple  to 


a uniform  receiving  transducer.  This  gives  rise  to  what  is  known  as  apodiza- 
tion  loss.  A uniform  receiving  transducer  integrates  the  amplitude  across 
the  beam  so  that  the  effective  mutual  conductance  is  given  by, 


n M „i,,  . W,  A 

V£>  ’ • IVk^l  • Ij,  ^ i I 


(97a) 


It  is  seen  that, 


M . . 1 / \ W. 

2 = T = “(x) 

i=l  T 


It  follows  that, 


M w, 

E V-.P  = -rf  “ or(k ) 


i=l  VT 


W 


Equation  ( 97a  ) is  thus  written  as, 


cm = gc  • Mk«^i  • i«(R>r 


(97b) 


Once  again  the  array  factor  and  the  element  factor  are  evident. 
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The  apodlzation  loss  is  given  by, 


Gm(f) 

Apodizatlon  Loss  - 10  log  , f . 

Ga(£) 

1 I V£(k)l2 

- 10  log  (98) 

E |vl(k)|2 

1*1 

The  expressions  14,  15  and  16  give  the  radiation  conductance,  the 
mutual  conductance,  the  apodizatlon  loss  and  the  capacitance  for  any  arbitrary 
sequence  of  tap  weights.  Equation  ( 97b  ) shows  that  the  mutual  conductance 

is  equal  to  that  derived  from  the  Impulse  response  model  multiplied  by  the 
single  tap  response  |afi(k,T))|  for  the  appropriate  metallization  ratio,  T). 

If  the  tap  weights  alternate  in  polarity  with  a slowly  varying  apodization, 
then  (neglecting  D2  and  D 2)  equation  ( 96b  ) reduces  to  the  usual  result 

for  the  capacitance  of  apodized  transducers. 

These  expressions  are  also  valid  in  the  more  general  case  of  over 
sampling  [ 46  ] where  several  adjacent  electrodes  have  the  same  polarity. 

It  is  quite  surprising  that  even  in  this  case  the  transfer  function  is  pro- 
portional to  the  Fourier  transform  of  the  tap  weights  defined  by  equation 
(95  ). 

This  analysis  neglects  the  excitation  in  the  gaps,  the  transverse 
end  effect^,  and  diffraction;  however,  all  nearest  neighbor  interactions  are 
accounted  for  as  long  as  two  grounded  electrodes  are  attached  to  each  end 
of  the  transducer.  The  analysis  is  also  valid  for  harmonic  operation. 

This  significantly  simplifies  filter  syntheses  in  that  the  nearest 
neighbor  interactions  are  compensated  for  automatically  in  a one  step 


deconvolution  of  the  specified  response  by  the  single  tap  filter  function. 
After  the  deconvolution,  the  design  procedure  proceeds  directly  as  in  the 
case  of  the  impulse  response  model  using  the  deconvolved  specified  response 
as  the  reference. 

c.  Capacity-Coupled,  Unapodized 

In  a capacity-coupled  transducer  each  electrode  is  connected 

to  the  busbars  through  a capacitive  voltage  divider  consisting  of  capacitors 

C.  and  C at  the  nCl1  electrode  such  that  (Figure  52a  ) f 45  ] 

An  Bn 


+ C, 


Bn 


■ a 

n 


constant 


(99a) 


(99b) 


where  a is  the  tap-weight  of  the  n^  electrode, 
n 

The  capacitive  network  is  replaced  by  its  Thevenin  equivalent  to 

yield  the  circuit  of  Figure  52b  . The  problem  is  to  determine  the  voltages 

V on  the  electrodes  from  the  tap  weights  a . It  follows  from  the  principle 
n n 

of  superposition  (using  an  argument  similar  to  that  used  in  Section  B-2  to 
derive  equation  ( 87a  ) that, 


1 


V (x)  - (c*(x)  * ®(x))  . VT 


(100) 


where,  (1)  V(x)  = E V 6(x-np) 

n 

or(x)  - £ a 6(n-np) 
n 

0(x)  ■ £ $ 6(x-np) 
n 


120 


(a)  Single  Electrode  and  Coupling  Network 


a-3  a -2  a-!  a0  ai  a2  a3 
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(b) 

Thevenin's  Equivalent 

IV 

e e e 
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nr-i 
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(c)  Single  Tap  Voltage  Distribution 


Figure  52.  Capacity  weighted  transducer 

a)  single  electrode  and  coupling  network 

b)  Thevenin's  equivalent 

c)  single  tap  voltage  distribution 


) 


121 

1 


it 


i 


V(x)  is  the  electrode  voltage  function  while  a(x)  is  the  tap- 
weight  function. 


(2)  0 is  the  sequence  of  voltages  that  appears  on  the  electrodes 

n 


when  IV  is  applied  to  the  central  electrode  and  the  other 
electrodes  are  grounded  (Figure  52c  ) 


The  0 's  are  obtained  using  equation  ( 90) 
n 


q = C T 0 D 
^n  s n-m  m 
m 


C T.  0 D 
s m n-m 
m 


th 


where  q^  is  the  charge  on  the  n electrode  in  Figure  52c  and  the  factor 


C is  introduced  because  the  D 's  are  normalized.  But. 
s n 


q = C • (6  -0) 

^n  T no  n 


where,  6 =1  if  n = 0 

no 


= 0 if  n * 0 


Eliminating  q^, 


1 <Dn  r + 6nJ 

n-m  L_  nm  m 

m T 


no 


(101) 


Equation  ( 101  ) represents  a matrix  equation  that  is  solved  for 


a given  CT  to  yield  the  0n's  and  hence  the  function  0(x)  in  equation  ( 100  ) 


Depending  on  the  ratio  C /C  , 0 is  truncated  at  some  value  of  n|. 

s T n 1 


JV{! 


Jl 
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Equations  ( 100  1 and  ( 87a  ) are  combined  to  yield  the  charge 


distribution  in  the  capacity  coupled  transducer: 

Q(x)  = Og(x,TD  * 0(x)  * a(x)  • VT  (102) 

From  the  Fourier  transform  of  equation  ( 102  ) the  radiation  conductance  is 
written  as, 


Ga(f)  = Gg  • |cG(k,TD|2  • |«(k)]2  . |or(k)]2  (103) 

Comparing  with  equation  (91  ) it  is  seen  that  the  effect  of  the  capacitive 

coupling  is  to  multiply  the  element  factor  a (k)  by  0(k)  in  the  expression 

for  conductance.  The  capacitive  coupling  spectral  response  a (k)  has  been 

G 

plotted  for  typical  values  of  a ' with  the  metalization  ratio  equal  to  0.5 
In  Figure  53  . it  will  be  noted  that  if  C^,  is  infinitely  large  corresponding 
to  the  direct-coupled  case,  0(x)  = 6(x)  so  that  0(k)  = 1 and  equation  ( 102  ) 
reduces  to  equation  (91  ). 

To  obtain  the  charge  on  an  individual  electrode  equation  ( 101  ) 
is  written  as, 

+2  . ^ 

Q(x)  - £ a'(x-np,T|  * £ 0 6(x-np)  * £ a S(x-np) 

n=-2  n=-oo  n-1 


+2 


£ £ a £ 0 .o'(x-np,Tl) 

n_l  m=-2  n_m  i=-2  m’t  1 


clearly  the  charge  distribution  on  the  nth  electrode  is, 
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Normalized  Frequency,  f/fo 


KP- 1534 


Figure  53.  Spectral  response  due  to  capacitive  couplers 


Vx)  " E “n-m  E 

m=-2  i=-2 


tli 

The  total  charge  on  the  n electrode  ls,  therefore, 


2 +2 

q = E or  E $ n'  (ID 

n « n-m  . _ m-i  i u 

m=-2  i=-2 


Comparing  with  equation  (90  ),  it  is  seen  that  the  effect  of  capacitive 

coupling  is  to  replace  D with  E . D.  in  the  expression  for  the  total 

m ^ m-i  i 

charge  on  an  individual  electrode. 


wmmmmma* 


To  obtain  the  capacitance  it  is  necessary  to  find  the  total  charge 
drawn  from  the  positive  busbar.  This  is  obtained  from  Figure  52a  as, 

Q - E {C  a(l-a)+«q} 

^p  T n'  n n^n-* 

n 

The  capacitance  is  thus  written  as, 

"e  "e  2 

C - CT  Z,  V1'"..’  'V*  1 <101> 

n-l  n«l  m»-z  1 

The  equations  ( 103  ) and  ( 104  ) express  the  radiation  conductance  and 
capacitance  for  any  arbitrary  tap  weight  sequence.  It  is  seen  that  con- 
ductance equals  that  determined  by  the  impulse  response  model  multiplied 
by  the  single  tap  response  1 0(k. , T\)  | . |aa(k,Tl)|  . The  general  capacitance 

expression  also  reduces  to  the  result  in  Reference  45  in  the  special  case 
of  alternating  polarity  taps  with  slowly  varying  strengths. 

Those  expressions  are  also  valid  in  the  more  general  case  of  over- 
sampling  where  several  adjacent  electrodes  have  the  same  polarity.  The 
response  is  still  directly  related  to  the  Fourier  transform  of  the  tap 
weights.  This  was  found  experimentally  [46  ]. 

This  analysis  neglects  diffraction  and  transverse  end  affects 
which  represents  only  a minor  degradation  because  the  beam  width  is  constant. 
All  nearest  neighbor  Interactions  including  loading  of  the  coupling  capacitors 
by  adjacent  taps  are  taken  into  account. 

Filter  synthesis  again  is  simplified  in  that  all  nearest  neighbor 
effects  arc  compensated  for  by  a deconvolution  of  the  specified  response  by 
the  single  tap  filter  function  when  specifying  tap  weights.  This  analysis 
is  valid  for  all  harmonics. 
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C.  Evaluation  of  Special  Cases 

In  this  section  the  conductance  and  capacitance  of  three  types  of 
direct-coupled  transducer  structures  are  evaluated  and  shown  to  agree  with 
published  results. 

First,  the  conductance  at  fundamental  center  frequency  and  the 
capacitance  are  evaluated  for  the  three  types  of  electrode  connections 
shown  in  Figure  54  . the  radiation  conductance  is  then  evaluated  at  the 
harmonics  and  compared  with  experimental  result.  Each  transducer  is  assumed 
to  be  N electrical  periods  long.  Two  additional  grounded  electrodes  are 
added  at  each  end.  This  makes  the  array  look  perfectly  periodic  to  the 
active  electrodes  and  the  theory  is  exactly  valid. 


1.  Two  Electrodes  per  Period  (Figure  54a  ) 


In  a single  electrode  transducer  (two  electrodes  per  period)  the 


fundamental  center  frequency,  f is  equal  to  the  synchronous  frequency  fQ. 
The  radiation  conductance  at  £ is  given  by. 


Ga(fc>  =Gs<£o)  * l^(k=k0.^-5)l  ' lv(k=kD)  T 


G (f  ) * N 
s v o 


Using  equation  ( 92b  ) for  G this  is  seen  to  be  the  usual  result. 

O 

To  obtain  the  capacitance,  IV  V has  to  be  evaluated  for  dif- 


ferent value  of  m (equation  ( 94  ))•  This  is  obtained  as, 


r v v *>  n 

, n n-m 
n=l 


m * 0 


m = + 1 


N - 1 


m = + 2 
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The  capacitance  Is  therefore  given  by, 


C - C • N [D  + 2Dj  if  N » 1 
s o 2 

- C • N 
s 


(105b) 


since 


D + 2D0  = -2D  - 1 

o 2 1 


Figure  ( 55a  ) shows  as  a function  of  frequency  for  60  electrodes  (N^,  ** 

60,  N = 30)  and  T]  = .45.  The  calculated  capacitance  agrees  with  the  experi- 
mental results  in  Reference  (45  ].  Since  the  load  is  not  mentioned  in  the 
reference  the  insertion  loss  could  not  be  compared. 


2.  Four  Electrodes  per  Period  (Figure  54b) 

In  a double  electrode  transducer  (four  electrodes  per  period)  the 
fundamental  center  frequency,  f^  is  half  of  f . The  radiation  conductance 
is  therefore, 


k k 

W * W • M ■ f'l2  l5<k  -r'l2 


1 2 
^ g (f  ) r 

2 s o 


(lOna) 


The  f of  a double  electrode  transducer  is  twice  the  f of  a single  electrode 
o o 

one  for  the  same  f . Thus,  from  ( 105a  ) and  ( 106b  ) it  is  seen  that  G ( l ) 
c a c 

is  the  same  for  both  types  of  transducers  with  the  same  f and  N.  This  agrees 
with  Reference  (42  ]. 

In  this  case,  we  obtain. 
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Go(mv)  2.  , Go(mv) 


— . w „ 


In  this  case,  we  obtain, 


£ V V = 2N 
, n n-m 
n=l 


m = 0 


m = +1 


m = +2 


The  capacitance  is  thus  obtained  as, 


C - Cg  • N(2Dq  + 2DX) 


= Cg  • N(1  - 4D2) 


(106b) 


From  ( 105b  ) and  ( 106b  ) the  capacitance  of  a double  electrode  transducer 
is  seen  to  be  1.4  times  that  of  the  single  electrode  transducer  with  the 
same  N.  This  agrees  with  Reference  [42  ]. 

Figure  55b  shows  a plot  of  G as  a function  of  frequency  for  60 

A 

electrodes  (N^,  = 60,  N = 15)  and  T)  = .45.  The  values  of  G&  at  the  fundamental 
and  the  third  harmonic  agree  with  the  experimental  result  in  Reference  [42  ]. 

3.  Three  Electrode  per  Period  (Figure  54c) 

2 

In  this  case  f = ■=■  f . The  radiation  conductance  at  the  funda- 
c 3 o 

mental  center  frequency  is  therefore, 


G.(£c>  ■ I 


since  cr  (k  *=  2k  /3)  = .7  from  Figure  48a. 
Ci  o 


(107a) 
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Again,  for  the  three  electrode  structure. 


EVV  **  2N 
n n-m 
n 


m = 0 


m »■  +1 


m = +2 


The  capacitance  Is  therefore, 


C - Cg  • N(2DQ  + 2Dx  + 2D2) 


Cg  • N(1  - 2D2) 


(107b) 


From  ( 105b)  and  ( 107b)  the  capacitance  of  this  structure  is  seen  to  be 
1.2  times  that  of  the  single  electrode  transducer. 

Figure  IX-lOc  shows  a plot  of  Gg  as  a function  of  frequency  for 
Ng  =»  60,  N = 20  with  I)  = .45.  The  calculated  capacitance  as  well  as  the 
conductance  at  the  fundamental  and  third  harmonics  agrees  very  well  with 
the  experimental  results  in  Reference  [42  ]. 


D.  Conclusions 

A simplified  general  theory  of  periodic  interdigital  transducers 
has  been  developed  which  provides  harmonic  responses  and  accounts  for 
nearest  neighbor  interactions.  This  analysis  is  different  from  previous 
work  in  that  the  effect  of  electrode  geometry  on  the  excitation  is  accounted 
for  by  a suitably  redefined  element  factor.  Previous  work  has  used  the 
charge  under  a single  electrode  as  the  element  factor.  In  this  case  the 
element  factor  varies  from  electrode  to  electrode  and  the  transducer 
response  does  not  separate  into  an  array  factor  and  an  element  factor. 

This  work  redefines  the  basis  function  as  the  charge  under  the  single  tap 
structure  of  Figure  46  . This  basic  charge  distribution  function  is  a 

complete  solution  of  the  electrostatic  field  equations;  the  charge  distri- 
bution for  an  arbitrary  sequence  of  voltages  is  obtained  by  a suitable 
translation  and  superposition  of  the  basic  charge  distribution  function. 
Using  this  approach  the  transducer  response  separates  into  an  array  factor 
and  an  element  factor  then  simplifying  filter  analysis  and  design.  The 
theory  is  sufficiently  general  to  handle  a nonapodized  withdrawal  weighted 
transducer  with  shorted  elements,  apodized  transducers  with  shorted 
dummies,  and  capacity  coupled  structures.  The  inherent  loss  of  apodized 
transducers  and  the  coupling  capacitors  band  limiting  in  capacity  weighted 
structures  are  predicted.  Filter  synthesis  is  simplified  since  the  single 
tap  response  is  equalized  simply  by  dividing  the  specified  response  by  the 
element  factor  response  before  specifying  the  tap  weights. 
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APPENDIX  A 


TIME  DOMAIN  ANALYSIS  PROCEDURE 

The  harmonic  analysis  steps  are  outlined  in  the  flow  chart  (Figure 
56).  This  technique  begins  with  original  frequency  domain  data  from  TETAM 
and  manipulates  it  in  such  a way  as  to  produce  an  expanded,  high  resolution 
impulse  response  of  the  segregated  SAW  excitation  function.  Each  odd  harmonic 
file  is  processed  separately  (due  to  file  size  limitations)  and  combined  to- 
gether at  the  end. 

1.  Original  data,  deconvolution 

The  original  data  is  a set  of  measured  amplitude  and  phase  at 

discrete  frequency  points  (Vg/VA  and  - <f>^,  see  Figure  64  ) . in  this 

example,  the  data  is  measured  over  the  first  seven  harmonics  (Figure  57  ) 
of  two  six  double  electrode  unapodized  15X  wide  transducers  fabricated  on 
128°  LiNbO^.  This  frequency  domain  harmonic  data  is  deconvolved  with  the 
frequency  response  of  the  measurement  system  (Figure  58  ^ . The  system  response 
is  created  by  replacing  the  test  device  with  an  attenuator  whose  attenuation 

is  equal  to  the  device  insertion  loss  at  the  fundamental.  The  frequency 

responses  are  deconvolved  by  dividing  the  response  magnitudes  and  subtracting 
their  phases  point  by  point. 

2.  Phase  slope  adjustment 

An  initial  frequency  domain  phase  slope  (time  delay)  adjustment  is 
performed  on  the  deconvolved  data  which  will  shift  all  time  domain  components 
and  center  the  SAW  impulse  response  about  time  zero  (Figure  59  ).  All  har- 
monics are  individually  time  shifted  by  the  same  amount  as  the  fundamental. 

The  amount  of  time  shift  is  calculated  by  finding  the  phase  slope  between 
the  -3db  points  of  the  frequency  magnitude  data.  A least  squares  fit  of  the 
phase  produces  the  slope  which  is  subtracted  and  the  process  is  applied 
again,  repeating  until  the  slope  is  zero  within  .01  At. 


3.  Time  domain  filtering 


t 

■ 


After  a fast  Fourier  transform  from  frequency  to  time,  the  data 
is  truncated  symmetrically  about  time  zero  (Figure  59).  The  time  duration 
left  must  be  greater  than  the  total  theoretical  impulse  response.  To  keep 
the  file  size  down,  the  time  data  is  shortened  by  a power  of  two,  due  to 
the  FFT  power  of  two  dependence.  Another  Fourier  transform  from  time  to 
frequency  is  performed  (Figure  60  ).  Note  that  the  response  data  is  con- 
siderably smoother  than  the  original,  due  to  the  absence  of  spurious  responses 
in  time. 

4.  Phase  slope  adjustment 

At  this  point  only  the  SAW  components  are  present  and  a more 
accurate  time  shift  to  zero  can  be  performed.  Each  harmonic  is  individually 
phase  adjusted  to  zero  slope  and  zero  offset  between  the  -3db  magnitude 
points  (Figure  60a, b).  At  this  point  the  harmonic  files  are  appended  to 
one  another  to  produce  a transfer  function  as  shown  in  Figure  6la,b. 

5.  Auto  deconvolution 

The  auto-deconvolution  process  consists  of  two  steps.  First,  the 
square  root  is  taken  of  the  frequency  domain  magnitude  (Figure  62  a) . Second, 
the  phase  is  manipulated  using  a calculated  phase  response. 

In  auto-convolution  frequency  domain  phases  (from  each  transducer) 
the  tt  radians  are  doubled  to  2rt  which  cannot  be  differentiated  from  a phase 
of  0 radians  in  a mod  2tt  system.  For  the  case  of  auto-deconvolution,  a 
theoretical  calculated  phase  response  is  created  using  sin  x/x  functions. 


The  sin  x/x  functions  are  centered  about  each  odd  harmonic  and  weighted  by 
the  square  root  of  the  experimental  measured  response  at  that  harmonic. 

In  places  where  the  composite  sin  x/x  is  negative,  a phase  shift  of  Tt  is 
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Introduced  (Figure  43).  This  phase  response  is  then  subtracted  from 

the  experimental  harmonic  frequency  phase  response  (Figure  62 h). 


6.  Phase  offsets 

The  true  phase  offsets  between  individual  harmonics  are  difficult 
to  accurately  measure.  Previously  each  harmonic's  phase  was  set  to  zero 
(Figure  60b  ) . From  the  calculations  of  Hartmann  and  Secrest  [35]  one 
can  deduce  that  the  first  and  third  harmonics  are  180°  out  of  phase  with 
the  fifth  and  seventh  (Figure  63).  The  + 90°  shifts  instead  of  two  180° 
shifts  give  equal  weight  to  inphase  and  quadrature  time  components  [38] 


7.  High  resolution  impulse  response 

Previously  the  file  size  was  made  smaller  by  time  domain  deletion. 
To  Increase  the  number  of  time  domain  samples,  zeroes  are  appended  to  the 
frequency  file.  After  transforming  the  result  is  a high  resolution  impulse 
response  with  Increased  sampling  due  to  interpolation  (Figure  44).  This 

is  the  response  of  a single  six  double  electrode  unapodized  transducer.  The 
baseline  noise  is  greater  than  expected  when  compared  with  time  response  data 
in  step  3.  Much  of  this  is  due  to  the  phase  ambiguity  in  auto  deconvolution 
and  better  techniques  for  this  step  should  be  investigated. 
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Figure  63.  Phase  offsets  between  harmonics.  First  and  third  offset  + n/2 
fifth  and  seventh  offset  -rr/2  [from  Reference  35] 


APPENDIX  B 


TIME  DOMAIN  ANALYSES  IMPLEMENTATION 

The  measurement  system  (Figure  64  ) consists  of  a digital  computer 
and  interface  which  control  a frequency  synthesizer,  vector  voltmeter  and 
programmable  attenuator.  The  computer  calculates  the  specific  frequency  and 
programs  the  synthesizer  through  the  interface.  Two  amplifiers  are  used  as 
impedance  buffers  with  an  attenuator  provided  for  system  calibration  runs. 

The  signal  levels  of  the  vector  voltmeter  (ch  B)  and  KF  voltmeter  (ch  A)  are 
read  and  converted  into  amplitude  gain  and  phase  shift  across  the  buffered 
SAW  device  at  this  frequency. 

Determinations  are  now  made  as  to  whether  the  magnitude  and  phase 
are  in  acceptable  ranges.  A programmable  attenuator  replaces  the  vector 
voltmeter  range  switch  and  is  stepped  until  the  magnitude  is  in  range.  The 
vector  voltmeter  phase  reversal  circuit  has  been  accessed  and  is  used  to 
keep  phase  readings  away  from  + 180°  where  considerable  error  is  introduced. 

The  automatic  phase  control  unlock  light  is  also  monitored.  Once  an  acceptable 
signal  level  is  read,  the  computer  stores  the  data  and  sets  the  synthesizer 
to  the  next  frequency,  repeating  the  measurement  process. 
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APPENDIX  C 


MODIFIED  LAG  ITER  RE  POLYNOMIALS 


The  first  three  orthonormal  functions  are  given  below 


fQ(x)  - e 


-x/2 


x/2 


f (x)  *=  e (1-x) 


c , * -x/2.,  „ 1 2V 

f2(x)  - e ( l-2x  + - x ) 


f , \ -x/2  , 32  13. 

f3(x)  = e (l-3x  + - x - g x ) 


The  recurrence  formula  satisfied  by  f (x)  in 

ra 


c / \ 2m  l X “X  r / v m _ . . 
fnH-l(x)  = m+1  fm(x)  " iirtT  fm-l(x) 


The  matrix  elements  M ^ are  obtained  by  using  the  relations: 


(j  |m>  = 6 


jm 


^'m>  “ amj'J> 


where  a = -1  j < m 
mj 


- 1/2  j - m 
0 j > m 


— 2^  * where  bm<  - m-j  J < 

dq 


\* 


M, , - - fl 


11  jm 


M 


12 


i (-  ± tjm  - eo-j-i)) 


‘ 1 <*  - 1 8j„  ' 


M22  = £ * + (m-j)  B(m-j-l)  - (m  + -|) 


The  multiplying  factor  i in  Mj^  an<*  refers  to 

The  matrix  elements  for  Hcd  and  < j |0(q2-kh Jm>  are  obtained  by  writing 
]m(q2+kh)>  as 


]m(q2  + kh)>  = am j 1 j ( q2 ) > 


where  coefficients  a , are  to  be  elevated.  It  is  obvious  that 

mj 


a00  = 6 


-kh/2 


aJ0  = -kh-e 


-kh/2 


all  = 6 


-kh/2 


Other  coefficients  are  obtained  using  the  recursion  relation 


a . = — — - [a  (2m-2j-kh)  - ma  , . + ja  , . + (j+1)  a . 

m+1, j m+1  mjv  J m-l,J  J m,j-l  m,j+l 


i 
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